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FOREWORD 


The  growing  interest  in  the  ust  of  columbium,  molybdenum,  tantalum,  and  tung¬ 
sten  metals  and  their  alloys  for  structural  applications  has  emphasized  the  need  for  an 
up-to-date  review  of  some  of  the  more  important  physical,  mechanical,  and  metallurgical 
properties  of  these  materials.  Four  consecutively  numbered  reports  covering  colum¬ 
bium  and  columbium  alloys,  molybdenum  and  molybdenum  alloys,  tantalum  and  tantalum 
alloys,  and  tungsten  and  tungsten  alloys  have  been  prepared.  The  intent  of  these  re¬ 
ports  has  been  to  assemble,  present,  and  summarize,  in  easy  reference  form,  the 
engineering-property  data  of  these  four  refractory  metals  and  alloys.  This  report 
covers  molybdenum  and  molybdenum  alloys. 

In  addition  to  data  available  from  the  published  literature,  numerous  organizations 
have  contributed  data  for  inclusion  in  this  report.  The  Defense  Metals  Information 
Center  gratefully  acknowledges  the  assistance  of  the  following  individuals  and  organiza¬ 
tions  who  contributed  valuable  information  used  in  the  preparation  of  this  report. 

G.  D.  McArd’e  and  F.  Nair,  Climax  Molybdenum  Company 

H.  Paters,  E.  I.  du  Pont  de  Nemours  Company,  Inc. 

R.  L.  Wilkey,  Fansteel  Metallurgical  Corporation 

R.  Bancroft  and  M.  Schussler,  Havr.es  Stellite  Company 

R.  W.  Werner,  Lawrence  Radiation  Laboratory 

G.  P.  Trost,  Metals  and  Controls,  Inc. 

M.  Torti,  National  Research  Corporation 

W.  Bauer,  Stauffer  Metals  Company 

R.  B.  Bargaintiier ,  Sylvania  Electric  Produits,  Inc. 

C.  Mueller  andG.  A.  Liadis,  Universal  Cyclops  Steel  Corporation 

S.  A.  Worcester,  Wah  Chang  Corporation 

R.  L.  Ammon,  R.  T.  Begley,  and  H.  G.  Sell,  Westinghou.se  Electric. 
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THE  ENGINEERING  PROPERTIES  OF 
MOLYBDENUM  AND  MOLYBDENUM  ALLOYS 


SUMMARY 


^ ! .  (. ihJ?  . 


Visa  tupei't  prCTofttn  jhe  results  of  a  state-of-the-art  survey  covering  molybdenum 
and  nine  of  its  most  promising  alloys^  All  data  are  given  in  tabular  and  graphical  form 
covering  some  of  the  more  important  physical,  mechanical,  and  metallurgical  proper¬ 
ties  for  each  material.  >'-  .erences  t  >  >».:ven  at  the  conclusion  of  each  material  section. 
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INTRODUCTION 


The  requirements  for  structural  materials  for  service  temperatures  in  excess  of 
those  attainable  with  present  materials  of  -onstruction  has  provided  the  stimulus  for  the 
development  of  refractory  metals  and  alloys.  Interest  has  stemmed  largely  from  the 
high-temperature  structural- engineering  requirements  associated  with  military  hard¬ 
ware.  In  the  development  of  the  refractory  metals,  columbium,  molybdenum,  tantalum, 
and  tungsten,  and  their  alloys,  extensive  studies  have  been  conducted  and  are  in  progress 
which  are  aimed  toward  the  investigation  of  fundamental  metallurgical  concepts  .  alloy 
development,  pilot  scale-up  development  of  promising  compositions,  and,  ultimately, 
alloy  commercialization. 

This  report  reviews  some  of  the  more  important  properties  of  molybdenum  and 
nine  of  its  alloys.  Of  this  group  of  alloys,  several  have  not  reached  true  comnici  cial 
status;  however,  the  potential  of  these  advanced  experimental  and  pilot-production  alloys 
warrants  consideration.  All  data  are  presented  in  tabular  and  graphical  form  according 
to  a  number  of  important  physical,  mechanical,  and  metallurgical  properties  for  molyb¬ 
denum  and  each  of  its  nine  alloys.  Properties  and  allo}s  covered  in  this  report  are 
listed  in  Table  1. 

Trends  in  molybdenum- alloy  development  include  new  dispersion-strengthened 
alloys  and  alloys  combining  solution  and  dispersion  strengthening,  with  emphasis  on 
higher  elevated- temperature  strengths  than  ;h>*se  exhibited  for  the  more  common 
commercial  molybdenum  alloys.  The  area  of  lubrication  is  also  receiving  considerable 
attention  in  an  attempt  to  optimize  selected  ni-ooomes. 

In  preparing  this  state-of-the-art  si’r-ey,  tc'-hnicui  ;vurnals  an.  i..ib)icatioiib , 
research  reports,  and  trade  literature  made  available  to  ine  Defense  Metals  Information 
Center  were  supplemented  with  personal  contacts  with  a  number  of  individuals  and  organ¬ 
izations  actively  engaged  in  the  refrac.ory-metals  field.  References  are  given  at  the 
conclusion  of  each  material  section. 
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ORGANIZATION  OF  ..„U  PRESENTED  IN  THE  APPENDIX 


1.  Identification  of  Material 

Designation 
Chemical  composition 
Forms  available 

l.  Physical  Properties 

Melting  point 
Density 

Thermal  expansion 
Thermal  conductivity 
Electrical  resistivity 

3.  Mechanical  Properties 

Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength 
Tensile  yield  strength 
Elongation 
Reduction  in  area 
Modulus  of  elasticity 

Effect  of  Temperature  on  "I  ensile  Properties 

Ultimate  tensile  sf  length 
Tensile  yield  strength 
Elongation 
Reduction  in  area 
Modulus  of  elasticity 

Notched  Tensile  Properties 

Creep  and  Stress-Rupture  Properties 

Other  Selected  Mechanical  Properties 

4.  Metallurgical  Properties 

Fabricability 
Transition  temperature 
Weldability 

Stress-relief  temperature 
Re  crystallization  temperature 


References 
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MOLYBDENUM  AND  ITS  ALLOYS 


APPENDIX  A 


MOLYBDENUM  AND  ITS  ALLOYS 

Unalloyed  Molybdenum 

Identification  of  material 

a.  Designation:  many,  depending  upon  individual  supplier 

b.  Chemical  composition:-  Tables  A-l  and  A-2 

c.  Forms  available:-  billets,  forgings,  strip,  sheet,  foil,  plat 

and  wireU“4) 
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Ta3LE  A-i.  CHEMICAL  REQUIREMENTS  FOR  MOLYbDf  iUM 
RIOOUCTS  AS  PRODUCED  BY  ARC-CAST  AND 
POWDER- METALUTCY  TECHN!OUESt»Xi-S) 


Element 

Content.  Maximum,  weight  per  cent 

Ate  Cast 

Fofeder  Metallurgy 

C 

0.  010-0.  MO 

0.010 

O 

0.  0030 

0.0070 

N 

0.0010 

0.  OCriU 

Fe 

0.020 

0.020 

Ni 

0.010 

0.010 

Si 

0.010 

0.0’D 

Mo 

99.90  mm 

99. 90  mio 

(a)  For  forgings,  billets  for  reforging.  strip,  sheet,  fell,  plate,  bar.  rod,  and  wire. 


TABLE  A-2.  REPRESENTATIVE  ANALYSES  OF  MOLYBDENUM  AS  PRODUCED  BY  VARIOUS  SUPPLIERS 


Content.  Maximum,  weight  per  cent 


Element 

Climax!- 

iT 

-  Oaa 

Urtiveisai  Cyclop^cX7"10) 

Powder 

MetaUurgy. 

Sylvausa(dXH) 

Arc  Cast  or  Powder 
Metallurgy, 
WestlngJtouse<<tX12> 

(a) 

A! 

0.002 

0.0010 

0.0020 

C 

0.03 

0.01-0.04 

0.  01-0.  M 

0.0050 

0.0050 

ca 

— 

— 

0.002 

0.0010 

0.002G 

Co 

— 

— 

0.002 

— 

O.GMo 

Cr 

-- 

-- 

0.004 

0.0050 

0.0020 

Cu 

— 

— 

0.002 

0.0010 

0.0020 

Fc 

0.008 

0.010 

0.010 

o.ooso 

C.  0050 

« 

0.0005 

0.0005 

0.001 

0.0010 

0.0020 

K 

-- 

— 

0.001 

— 

— 

Pb 

— 

— 

0.002 

0.0010 

0.0010 

Mg 

— 

— 

0.002 

0.0010 

0.0020 

Mr 

— 

— 

0.002 

0.0010 

0.0010 

Mo 

99.9  mm 

99.  9  .'run 

99.9  min 

— 

99.95  mm 

Na 

— 

— 

0.001 

— 

— 

N 

0.002 

0.002 

0.001 

0.0020 

G.C520 

Ni 

0.002 

0.002 

0.002 

0.0050 

0.0050 

O 

0.0015 

0.0015 

0.002 

0.0030 

0.0100 

Si 

0.C08 

0.008 

•>,020 

0. 0050 

0.0050 

Sn 

— 

— 

0.004 

0.0050 

0.0050 

Ti 

— 

— 

0.0v2 

— 

0.0020 

W 

— 

— 

0.002 

— 

0.00*0 

Zi 

— 

-- 

0.002 

— 

0.0020 

(a) 

For 

forging  billets. 

!h) 

tot 

•wrought  bars. 

<c) 

For 

billets,  bar,  plate,  and  sheet. 

<«) 

Fox 

oil  a::  slabs,  and  rings. 

<c) 

Fox 

•hcc%  plate,  and  bax. 
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l  Physical  Properties 

a.  Melting  point:  4730  F^*^ 

b.  Density:  0.  369  lb/in.  3(13) 

c.  Thermal  expansion:  Figure  A-l 

d.  Thermal  conductivity:  Figure  A-2 

e.  Electrical  resistivity:  Figures  A-3  through  A-5 
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FIGURE 


FIGURE  A- 2. 


.-1.  EFFECT  OF  TEMPERATURE  ON  THE  LINEAR  THERMAL 
EXPANSION  OF  COMMERCIAL- PURITY  MOLYBDENUM^14) 


?!»»»<«  C 


EFFECT  OF  TEMPERATURE  ON  THE  THERMAL  CONDUCTIVITY 
OF  COMMERCIAL- PURITY  MOLYBDENUM^) 


FIGURE  A- 3. 


EFFECT  OF  TEMPERATURE  ON  THE  ELECTRICAL 
RESISTIVITY  OF  COMMERCIAL- PURITY 
MOLYBDENUMi15) 


A- 5 


FIGURE  A- 5. 


ELECTRICAL  RESISTIVITY  OF  MOLYBDENUM  AND  ITS 
TEMPERATURE  COEFFICIENT 


N/VU3-UM*)  01  X 


Mechanical  Properties 


a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:  Tables  A-3  through  A-10 

Figuies  A-6  through  A-ll 

Tensile  yield  strength:  Tables  A-3  through  A-10 
Figures  A-6  through  A-9 

Elongation:  Tables  A-3  through  A-10 

Figures  A-6  through  A-8  and  Figure  A-ll 

Reduction  in  area:  Table  A-10 
Figure  A-6 

Modulus  o£  elasticity:  47  x  10^  psi(12,  16) 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Table  A-ll 

Figures  A-13  through  A-17  and  A-19  through  A-21 

Tensile  yield  strength:  Table  A-ll 

Figures  A-12  through  A-14  and  A-16  through  A-19 

Elongation:  Table  A-l  1 

Figures  A-13,  A-16,  A-17,  A-19,  and  A-20 

Reduction  in  area:  Table  A- 1 1 

Figures  A-12,  A-13,  A-16,  and  A- 18 

Modulus  of  elasticity:  Tables  A-ll  and  A-12 
Figures  A-22  and  A-23 

c.  Notched  Tensile  Properties 

Figures  A- 24  through  A- 33 

d.  Creep  and  Stress-Rupture  Properties 

Tables  A-13  through  A-16 
Figures  A-?4  through  A-44 


Other  Selected  Mechanical  Properties 

Hardness:  Table  A- 17 
Figure  A-45 

Bend  ductility:  Table  A- 18 

Compressive  strength:  Table  A-19 

Figures  A-46  and  A-47 

Shear  strength:  Table  A- 20 
Figure  A-48 

Impact  strength:  Figure  A-49 

Fatigue  strength:  Figures  A-50  through  A-52 
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TABLE  A-3.  MINIMUM  TENSILE- PROPETTY  REQUIREMENTS  FOR  ARC-CAST  AND 
POWDER-METALLURGY  MOLYBDENUM  ROUND  RODS(J><4> 


Method  of 

Consolidation 

Condition 

Diameter, 

inches 

Minimum 

Tensile 

Strength, 

1000  psi 

Minimum  field 
Strength  (0.2% 
Offset),  1000  psi 

Minimum 
Elongation  in 
1  Inch, 
per  cent 

AC  or  PM 

Stress  relieved 

0.020  to  1/8,  mcL 

85 

G5 

*■  **fb) 

Chet  1/8  to  f;  32 

75 

55 

15 

Over  10/  32  10  7/8 

90 

75 

18 

Over  7/8  to  1-1/8 

85 

70 

15 

Over  1-1/8  to  1-7/8 

75 

65 

10 

Over  1-7/8  to  2-7/8 

70 

60 

10 

Cher  2-7/8  to  3-1/2 

65 

55 

10 

AC 

RecrystallizeJ 

Under  2 

GO 

35 

20 

2  to  3-1/2 

55 

25 

20 

( a)  Dtope:tie<  shall  be  detemuted  using  a  test  rate  of  0. 002  to  0.  OOS  inch  pet  inch  pet  minute  through  0. 6  pet  cent  offset, 
then  0. 02  to  0. 05  inch  per  inch  per  minute  to  fracture. 

(b)  In  10  inches. 


TABLE  A-4.  TENSILE-PROPERTY  REQUIREMENTS  FOR  ARC-CAST  AND  POWDER- METALLURGY 
MOLYBDENUM  STRIP,  SHEET.  FOIL,  AND  PLATE<a)f3) 


Tensile 

Strength 

Range, 

1000  psi 

Minimum 

Yield  Stiength 
(0.2%  Offset), 

1000  psi 

Minimum  Elonj 
Equal  to  or  Less 
Than  C.020  In. 

Ration  in  2  Inches,  per  cent 
Greater  Than 
0.020  In. 

o0-85 

45 

5 

10 

8 >-110 

70 

5 

10 

no- *35 

90 

3 

5 

135-160 

no 

2 

5 

(a)  Properties  shall  be  determined  using  a  rest  rate  of  0. 002  to  0,005  inch  per  inch  per 

minute  through  0.6  per  cent  offset,  then  0.02  to  0.05  inch  jv  .nch  per  minute  to  fracture. 
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TABLE  A-5. 

TYPICAL  ROOM -TEMPERATURE  TENSILE  DATA  FOR  ARC -CAST  STRESS- 
RELIEVED  MOLYBDENUM  ROUND  BAR  PRODUCED  BY  CUMAX(aX19) 

Diameter* 

inches 

Average 

Tensile 

Strength, 

1000  psi 

Average  Yield 

St»*.ngth  (0.2 % 

Offset), 

1000  psi 

Average 
Elongation  In 

1  Inch, 
per  cent 

1/4 

105 

96 

37 

1/2 

105 

95 

35 

6/8 

99 

90 

35 

3/4 

92 

84 

15 

7/8 

93 

66 

30 

1 

98 

85 

30 

1-1/8 

98 

87 

Co 

1-1/4 

89 

76 

26 

1-1/2 

92 

80 

20 

1-3/4 

85 

78 

20 

2 

82 

75 

40 

2-1/8 

84 

74 

34 

2-1/2 

82 

74 

28 

2-3/4 

80 

70 

20 

4 

78 

68 

27 

(a)  Cold  Water  Production  Facility.  All  data  from  6-inch-diamt  ter  arc-cast  ingo's  covering 
a  3*ycar  period.  Material  stress  relieved  1/4  to  1-1/2  hours  at  1700  to  1850  F.  Test  rate 

0. 002  inch  per  inch  per  minute  in  the  elastic  range,  then  0.06  inch  per  inch  per  minute  to 

fracture. 
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TABLE  A-6.  ROOM -TEMPERATURE  TENSILE  PROPERTIES  OF  UNIVERSAL  Cl  CLOPS  ARC- 
CAST  MOLYBDENUM  PLATE  AND  SHEET  PRODUCTS(»X9. 10) 


Property 

Minimum 

Typical 

Plate.  Over  3/16  Inch  to  1  /2  Inch 

Tensile  Strength,  1000  psi 

90 

105 

Yield  Strength  (0. 2^ Off>et),  1000  psi 

95 

Elongation  in  2  Inches,  per  cent 

5 

8 

Plate.  Over  1/2  Inch  to  1 

-3  /2  Inches 

Tensile  Strength,  1000  p<i 

85 

100 

Y  teld  Strength  (0.  V#  Offtet),  1000  pst 

80 

90 

Elongation  in  2  Inches,  per  cent 

4 

6 

Sheet,  0.020  Inch  and  Undct 

Tensile  Strength,  1000  psi 

90 

105 

Yield  Strength  (0. 2% Offset),  1000  psi 

85 

100 

Elongation  in  2  Inches,  per  cent 

8 

12 

Sheet.  Over  0.020 

Inch 

Tensile  Strength,  1000  psi 

95 

no 

Yield  Strength  (U.25>  Offset),  1000  psi 

85 

100 

Elongation  in  2  Inches,  pet  cent 

10 

14 

(a)  Test  rate  0. 05  i  ich  per  inch  per  minute. 


TABLE  A-7.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  SYLVAN1A  POWDER- 
METALLURGY  STRESS -REUEVED  MOLYBDENUM  PLATE  AND  SHEET 
PRODUCTS(aXU) 


Pro  per»y 

Minimum 

Typical 

Plate 

Tensile  Strength,  1000  psi 

75 

90 

Yield  Strength  (0.2%  Offset),  1000  psi 

65 

70 

Elongation  in  2  Inches,  per  cent 

Sheet 

2.5 

4 

Tensile  Strength,  1000  psi 

90 

100 

Yield  Strength  (0.2%offset),  lOOOpsi 

85 

90 

Elongation  in  2  i.iches,  pt.  went 

10 

13 

(a)  Test  rate  0. 005  inch  pet  inch  per  minute  to  0.6  per  cent  offset,  then  0. 05  inch  per  inch 
per  minute  to  fracture. 
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TABLE  A- 10.  SOME  SELECTED  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  MOLYBDENUM 


Condition 

Tensile 
Strength, 
1000  pst 

Yield  Strength 
(0. 2  °b  Offset), 
1000  pst 

Elongation, 
per  cent 

Reduction 
m  Area, 
per  cent 

Reference 

ReoystalLzcd  bar  (7/16  uich)(a) 

67.2 

65.9 

23 

19.9 

(22) 

67.7 

60.4 

21 

18.5 

(22) 

S::ts«-rclie\ed  rod  (5/8  inch/**) 

114.4 

-- 

39 

67.6 

(23) 

116.5 

-- 

37 

68.2 

(23) 

As'iollcJ  rod  (0^8  incli)(c) 

IOC.  2 

18. 3<d> 

40 

ul 

(24) 

Stre«s-tchevcd  rod  (5/8  inch/0) 

97.2 

82. 9(9) 

42 

69 

(24) 

Kecrysiaiiizea  toa  (i>/6  indi)(c) 

68.2 

55.9 

42 

37.  S 

(24) 

Rolled  square  bar  (1/2  incb)(e) 

6.1%  1800  F 

73.6 

55.6 

50 

57.9 

(25) 

8.6%,  1800  F 

73.3 

51.1 

53 

33.7 

(26) 

11. 1%  1800  F 

76.8 

©1.4 

50 

53.1 

(35) 

2b.  1%  1800  F 

80.9 

93.2 

40 

59.4 

(25) 

48. 8%  1800  F 

91.6 

33.5 

41 

65.4 

(35) 

79.3%  1800  F 

98.9 

82.6 

24 

23.2 

(35) 

5.  O').  2200  F 

74.6 

©2.8 

45 

47.1 

(35) 

10.4%  2200  F 

78.2 

66.2 

42 

37.1 

(26) 

10. 6%  2200  F 

80.6 

69.9 

36 

43.3 

(25) 

2v>.6'A  2200  F 

84, 0 

11.4 

23 

20.4 

(35) 

48.  .TA  2200  F 

92.1 

81.4 

11 

11.6 

(35) 

79.3%  2200  F 

98.0 

89. 1 

24 

27.3 

(35) 

Cold -staged  material  (88%)(0 

97.1 

95 

18 

-- 

(29) 

Ac-cast  material 

24.3 

-- 

0 

0 

(21) 

As  extrude  '  nches) 

70.9 

62.  7 

1 

0.8 

(21) 

As-rolled  round  (2  inches) 

82.3 

76.3 

23 

33.3 

(21) 

As- rolled  round  (1  inch) 

92.4 

72.2 

3G 

30 

(27) 

As- roiled  Round  (5/8  inch) 

109.3 

84.7 

36 

36 

(21) 

(a)  0.002%C. 
(I*)  0.  0.10%  c. 
(c)  0.015%C. 


(o)  0. 1  per  cent  offset. 

(c)  f'.tW..  c. 

(f)  0.  00.v;  o,  0. 0003%  H,  G.001%N,  and  0.  05%  C. 


EJongofccn 


FIGURE  A- 


FIGURE  A--’ 


EFFECT  OF  ANNEALING  TEMPERATURE  ON  THE  ROOM- 
TEMPERATURE  TENSILE  PROPERTIES  OF  COMMERCIAL- 
PURITY  ARC- CAST  MOLYBDENUM  BAR  (1 /4-INCH 
DIAMET£R)(28) 


1 

£ 

f 

in 

t 

— 
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EFFECT  OF  ANNEALING  TEMPERATURE  ON  THE  ROOM- 
TEMPERATURE  TENSILE  PROPERTIES  OF  COMMERCIAL- 
PURITY  ARC- CAST  MOT  YBPENUM  SHEET  (0.  020  INCH)(28) 
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FIGURE  A- 9.  EFFECT  OF  STRAIN  RATE  ON  THE  ROOM- TEMPERATURE 
STRENGTH  PROPERTIES  OF  ARC- CAST  STRESS- RELIEVED 
(1/2  HOUR  AT  1800  F)  MOLYBDENUM  BAR(“C') 


Tensile  Strength,  1000  psi 


Diameter,  inch 


FIGURE  A  -  10.  RELATION  BETWEEN  TENSILE  STRENGTH  AND  DIAMETER 
FOR  DRAWN  MOLYBDENUM  WIREt30) 


Ameolng  Temperatire.  F 
500  1000  1500  2000  2500  3000 


0  250  500  750  1000  1250  1500  1750 

Annealing  Temperature,  C 

*  46054 


FIGURE  A-  1 1 .  TENSILE  STRENGTH  AND  ELONGATION  OF  MOLYBDENUM 
WIRE  (0.004-INCH  DIAMETER)  AS  A  FUNCTION  OF  THE 
ANNEALING  TEMPERATURE^1)) 
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TABLE  A-U.  EFFECT  OF  TEMPERATURE  ON  THE  TENS  HE  PROPERTY  OF  POWDER-METALLURGY  AND  ARC -CAST 

SECTIONS  TAKEN  FROM  MOLYBDENUM  F0RG1NCS(*X31) 


Stcdca<b> 

Temperature, 

F 

Tensile 
Strength, 
lOt'O  pti 

Yield  Strength 
(0.2*  Offset), 

1000  psi 

Elongation  in 

1  Inch, 
per  cent 

Reduction  in 
Area,  per  cent 

Modulus  of 
Elasticity, 
lO6^ 

Axial 

Ting. 

Axial 

Ting. 

Axial 

Tang. 

Axial 

Tang. 

Axial 

Tang. 

PM  Ring, 

RT 

C6.7 

62.8 

83.0 

73.6 

mm 

40.3 

__ 

88.9 

49.9 

43.2 

Supplier  1 

500 

63.3 

61.5 

61.5 

58.7 

20.7 

26.0 

60.5 

68.4 

46.6 

43.6 

1000 

58.8 

53.4 

57.8 

51.8 

19.7 

20.0 

69.3 

77.6 

40.5 

38.4 

2000 

42.0 

37.3 

39.3 

36.4 

17.3 

20.0 

78.3 

84.8 

34.6 

27.3 

3000 

7.38 

7.53 

5.04 

5.22 

28.0 

32.3 

68.5 

63.8 

8.0 

5.9 

4?90 

1.60 

1.69 

1.42 

1.61 

18.0 

26.0 

— 

88.3 

2,0 

1.7 

PM  Ring, 

RT 

96.3 

95.8 

86.3 

89.1 

39.3 

40.3 

61.7 

58.3 

46.8 

45.0 

SuppUer  2 

500 

64.4 

66.2 

55.1 

59.3 

34.7 

31.0 

65.1 

77.2 

42.2 

40.9 

1000 

54.4 

55.4 

51.5 

52.5 

22.3 

23.0 

Sti.2 

75.5 

38.8 

38.0 

2000 

34.8 

22.4 

33.9 

16.3 

24.7 

30.5 

>90 

>90 

21.6 

15.4 

3000 

5.6 

5.0 

4.4 

3.7 

31.7 

25.7 

82(0 

80(c) 

10.4 

7.1 

4300 

1.0 

1.2 

0.9 

1.2 

11.0 

13.7 

28.0 

43.8 

1.6 

1.7 

AC  Ring, 

RT 

86.1 

89.1 

84.7 

81.4 

31.3 

32.5 

52.3 

48.8 

46.0 

42.7 

SuppUer  2 

500 

55.7 

57.8 

36.6 

44.1 

35.3 

35.0 

77.3 

66.9 

34.9 

39.7 

1000 

43.8 

44.8 

31.2 

34.1 

32.3 

29.0 

80.8 

71.8 

32.3 

35.3 

2000 

28.7 

34.3 

22.2 

31.0 

28.3 

24.3 

89.2 

*9.  i 

25.  e 

27.9 

3000 

5.49 

6.10 

3.51 

3.87 

34.3 

37.3 

91.0 

>90 

8.4 

7.6 

4500 

0.614 

0.461 

0.508 

0. 384(d) 

- 

- 

- 

- 

1.2 

1.2 

AC  Liner, 

75 

n.o<*) 

13.6(‘> 

16. 1(0 

15.  St*) 

21, 0(e) 

11.0(C) 

23.6(c)  14.6(c) 

46.6(') 

41. 7(c: 

SuppUer  2 

500 

46.9 

43.2 

40.2 

37.0 

33.7 

32.0 

80.2 

76.9 

41.9 

40.9 

1000 

37.0 

40.5 

34.0 

38.7 

29.4 

25.7 

84.4 

79.8 

38.  b 

45.6 

2000 

3C.1 

30.6 

29.8 

30.1 

20.4 

21,7 

>90 

>90 

38.0 

36.1 

3000 

5.37 

5.18 

3.e9 

3.71 

31.7 

30.0 

>90 

>90 

9.8 

11.0 

4500 

0.562 

0.582 

0.415 

0.443 

2.6 

2.5 

" 

1.1 

1.0 

(a)  D«u  gi ran  are  the  average  of  three  tests.  Test  rate  0.  BOS  loch  per  inch  per  minute  to  0. 6  per  cent  offset,  then  0.  OS  Inch 
pet  inch  per  minute  to  fracture  for  room-temperature  tern.  All  elevated-temperature  tests  were  conducted  in  argon,  heated 
by  resistance  at  100  F  per  second,  held  at  temperature  for  30  seconds,  and  then  loaded  at  a  rate  of  0.0S  inch  per  inch  per 
minute  to  fracture. 


(b)  Chemical  analyses  PM  Ring.  Supplier  1,  0.020*  Si.  <0.001*NI,  0. 003*  Fc,  <0  001*  Mn.  <0.001*  Mg.  <0. 001*  Cr, 
6.Cw*W,  0.002* So.  0.001*C^  <0.0Ui%Ca,  and  0.001*  AU  PM  Ring.  Spoiler  2.  0. 006* C,  0.001* Si,  0.00I*Ni. 
v.003*Fe*  0.001* Mo.  Ci.001*Mg.  0.001*Cr.  0.003*W,  0.001*So,  0.001*Cu,  0.001*Ca.  0.001*A1,  0.0022*0. 
0.0006*H,  and  0. 0006* N-  AC  Ring,  SuppUer  2.  0.020-0. 028* C.  0.003-0.  OOC*  Si.  0.001*Ni,  0. 001 -0. 002* Fe, 
0.0003-0.0007*  0,  0. 00001  -0. 0000?*  H,  and  0.0001-0.  C 004%  N\  AC  Liner.  S-ppUer  2.  0.015*C.  0.002*  Si. 
0.001*Ni.  0.002*Fe,  0.0002*0.  0.001*H,  and  0.0001*  N.  A  schematic  diagram  showing  forging  procedures  used 
is  given  below: 

PM  Ring.  AC  Ring,  AC  Liner, 

SuppUer  1  Supplier  2  SuppUer  2 


Billet 

Upset 

Recrystallize 

Upset 

Punch 

Cup 

Stress  relieve 


Part  and  rough  machine  ring 
Ring  roll 
Stress  relieve 


Billet 

Upset 

Back  extrude 
Stress  relieve 
Part  4k  face  ilnp 
Shape 

Stress  relieve 


Billet 

Block  &  pierce 
Shape 

Stress  relieve 


(c)  One  test. 

(d)  Two  tests. 

(e)  Four  tens. 
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•'ABLE  A-12.  EFFECT  Of  TEMPERATURE  ON  THE  MODULUS  OF  ELASTICITY 
OF  MOLYBDENUM 


Temperature, 

F 

Modulus  of  Elasticity,  106  psi 

Ref.  (16) 

Ref.  (32)<») 

RT 

47 

40.  S 

4C0 

— 

35.1 

500 

44 

— 

6u0 

— 

36.1 

800 

— 

34.9 

1000 

42 

31.0 

1200 

— 

32.9 

1400 

-- 

27.2 

1600 

-- 

25.6 

1800 

— 

25.4 

2000 

38 

21.4 

2200 

-- 

17.4 

2400 

— 

8.55 

3000 

15 

-- 

3760 

4 

-- 

4500 

0,2 

(a)  From  3/14-inch-diameter  arc-cast  hot-cold-. oiled  stress-relieved  bar.  Data 
from  compression  tests  conducted  in  argon  at  0. 05  inch  per  minute. 
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FIGURE  A-  12.  LOW- TEMPERATURE  STRENGTH  AND  DUCTILITY  OF 
COMMERCIAL-PURITY  POWDER- METALLURGY  AND 
ARC- CAST  RECRYSTALLIZED  MOLYBDENUM  BAR 
(5/8-INCH  DIAMETER)(28) 


Rolled  1850  to  1830  F  from  2-1 /8-inch  square  to  5/8- 
inch  round,  recry stallized  2190  F. 


FIGURE  A-  13.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  COMMERCIAL- PURITY  SWAGED  AND  RECRYSTALLIZED 
MOLYBDENUM  BAR  (1/4- INCH  DIAMETER)(33) 


Recrystallized  20  minutes  at  2800  F. 


FIGURE  A- 14.  HIGH- TEMPERATURE  STRENGTH  OF  ARC-CAST  MOLYBDENUM 
SHEET  AT  DIFFERENT  STRAIN  RATES  AND  HOLDING  TIMES*34) 

Specimens  were  heated  to  test  temperature  within  20  seconds  and 
tested  in  argon. 


Trrpen)?ixt,  f 


FIGURE  A-  15.  EFFECT  OF  TEMPERATURE  ON  THE  SHORT-TIME  TENSILE 
STRENGTH  OF  ROLLED  AND  RECRYSTALLIZED  ARC-CAST 
MOLYBDENUM*35) 


Yield  Strength,  1000  psi  Tensile  Strength,  lOOOpsi 
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Temperature,  L 


0  200  400  600  800 


Temperature,  F  a  46055 


FIGURE  A- 16.  EFFECT  OF  THERMAL  TREATMENT  AND  TEST 
TEMPERATURE  ON  THE  PROPERTIES  OF 
MOLYBDENUM^24) 


Reduction  in  Area,  per  cent  Elongation,  per  cent 
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FIGURE  A- 17.  EFFECT  OF  TEMPERATURE  AND  THERMAL  TREATMENT  ON  THE 
TENSILE  PROPERTIES  OF  COMMERCIAL- PURITY  ARC- CAST 
MOLYBDENUM  BAR  (7/8-INCH.  DIAMETER)(Z8) 

Aluminum  coated  tested  in  air. 


Test  rate  1000  psi  per  minute. 


FIGURE  A- 18.  EFFECT  OF  STRAIN  RATE  ON  THE  LOW-  TEMPERATURE 
STRENGTH  AND  DUCTILITY  OF  COMMERCIAL- PURITY 
RECRYSTALLIZED  POWDER-METALLURGY 
MOLYBDENUM  BAR  (5/8-INCH  DIAMETER)*24* 


Recrystallized  1  hour  at  21  GO  F 


A-26 


FIGURE 


FIGURE 


FIGURE 


A- 2 1 .  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  STRENGTH 
OF  MOLYBDENUM  WIRE  AS  A  FUNCTION  OF  DIAMETER*3  7> 


ZZ.  EFFECT  OF  TEMPERATURE  ON  THE  DYNAMIC  MODULUS 
OF  ELASTICITY*2**) 


-2 J.  EFFECT  OF  TEMPERATURE  ON  THE  STATIC  MODULUS  OF 
ELASTICITY  OF  ARC-CAST  MOLYBDENUM*23) 


Reduction  m  Area  ,  per  cent  Strength, lOOOpsi 
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Temperoture,F  a-46037 


FIGURE  A-24.  UNNOTCHED  AND  NOTCHED  STREi.L  : 4  AND  DUCTILITY 
OF  COMMERCIAL- PURITY  ARC- CAST  STRESS- 
RELIEVED  MOLYBDENUM  BAR  AND  SHEET<24) 


Stress  relieved  15  minutes  at  1830  F. 


FIGURE  A- 2 5.  NOTCHED  STRENGTH  AND  DUCTILITY  OF  COMMERCIAL- PURITY 
ARC-CAST  AND  POWDER- METALLURGY  MOLYBDENUM  BARl2&) 
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o  lirotctod  Tew*  Test  Stamen 


S>  T<erw*i  Test  Speu*v>  *  »»»*• 


FIGURE  A-  26.  UNNOTCHED  AND  NOTCHED  BAR  AND  SHEET  TENSILE  TEST 
SPECIMENS  USED  TO  OBTAIN  DATA  SHOWN  IN  FIGURES  A- 27 
THROUGH  A-  30. 


AH  dimensions  are  in  inches. 
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Ttfnpsroturt  ,  f  T*mp»fatur*  ,  F 


FIGURE  A-27.  TENSILE  PROPERTIES  FOR  WROUGHT,  STRESS-RELIEVED 
ARC-MELTED  MOLYBDENUM  BAR  (1/4  HR  AT  1000  C; 


HARDNESS  234  VHN)<22> 

Unnotched 

Notched 

Impurity 

Weight  Per  Cent 

Crosshcad  Speed, 

inch  per  minute 

0.  02 

O.OOS 

C 

0.  002 

O 

0.  0022 

N 

0.  001 

H 

0.  00006 

Ta 

<0.  2 

V/ 

<0.  I 

Notcl»-Un«otth  Strtnplh  Ratio 
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Temperature,  F  Temperoture ,  F 


FIGURE  A- 28.  TENSILE  PROPERTIES  FOR  RECRYSTALLIZED  ARC-MELTED 
MOLYBDENUM  BAR  (I  HR  AT  1360  C;  HARDNESS  188  VHN; 
ASTM  7.  Z)<22) 


Unnotched  Notched 

Crosshead  Speed, 

inch  per  minute  0.  02  0.  005 


Impurity 

Weight  Per  Cent 

C 

0.  002 

O 

0.0022 

N 

0.001 

H 

0. 00006 

Ta 

<0.2 

W 

~0.  1 

Others 

<0.  05 

Notch-Unnotch  Strength  Ratio 


Notch- Uniolch  Strength  Rotlo 
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16 

14 

L2 

10 

oa 


cc 


04 

02 

0 


Temperature,  C  a-sst** 


FIGURE  A-3U.  TENSILE  PROPERTIES  FOR  RECRYSTALLIZED  ARC-MELTED 
MOLYBDENUM  SHEET  (i'4  HR  AT  1300  C;  HARDNESS 
168  VHN,  ASTM  7.  i)(22) 


Crosshead  Speed, 
inch  per  minute 


Unnotched 

Notched 

Impurity 

Weight  Per  Cent 

0.  02 

0.005 

C 

0.026 

O 

0. 0009 

N 

<0.  001 

H 

0.  00006 

Ta 

<0.  2 

W 

<0.  1 

Others 

<0.05 

Notch-Urnotch  Sirength  Rotio 


D.  =0.125  Dj  =0  125 
RN= 0.006  Rn=0.00I5 


FIGURE 
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-31.  UNNOTCHED  AND  NOTCHED  BAR  TENSILE  TEST 
SPECIMENS  USED  TO  OBTAIN  DATA  SHOWN  IN 
FIGURES  A-32  AND  A-33 


Notch  Reduction  in  Areo,  Reduction  in  Area, 

per  cent  per  cent 
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0  100  200  ?00  400 

A  46058 

Temperature,  C 


FIGURE  A-33.  EFFECT  OF  STRUCTURE  ON  THE  UNNOTCHED  AND  NOTCHED 
REDUCTION  IN  AREA  OF  ARC-CAST  MOLYBDENUM  BAR<38' 


Unnotched 

Notched 

Impurity 

PPM 

Crosshead  Speed, 

0.  02 

0.  005 

C 

240-330 

inch  per  minute 

O 

5-6 

N 

<10 

H 

<1 
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TABLE  A-13.  CREEP  AND  RUPTURE  CHARACTERISTICS  Of  FORGED  ARC -CAST  MOLYBDENUM  AXIAL  RINGS 
AT  1500  TO  4300  f(»X39) 


Tempera  ture, 

F 

Stress. 
1000  psl 

Time.  sec.  to  Produce  Indicated  Amount 
of  Deformation 

3%  5%  Rupture 

Plastic  Deforma¬ 
tion  In  1  Inch, 
per  cent 

0695 

1500 

50.5 

127 

153 

154 

155 

23.0 

0695 

50.0 

75 

103 

105 

106 

22.0 

9917 

39.0 

36 

84 

123 

151 

27.0 

9915 

38.0 

90 

339 

471 

526 

22.  C 

9915 

2000 

22.0 

19 

30 

36 

39 

26.0 

9915 

22.0 

79 

127 

147 

161 

26.0 

9915 

22.0 

SO 

79 

93 

104 

27.0 

9915 

21.75 

118 

171 

194 

205 

28.0 

9915 

21.09 

80 

122 

142 

157 

29.0 

0695 

2500 

11.0 

26 

28 

36 

44 

28.0 

0695 

9.8 

11 

70 

207 

372 

31.0 

9916 

9.5 

5 

16 

23 

30 

32.0 

9916 

9.2 

12 

32 

53 

253 

30.0 

9916 

8.65 

6 

38 

168 

363 

28.0 

9915 

6.94 

209 

209 

1022 

1116 

30.0 

0695 

3000 

5.6 

14 

24 

40 

53 

34.0 

0695 

5.3 

14 

53 

95 

145 

35.0 

9917 

5.0 

5 

17 

27 

66 

37.0 

9917 

4.5 

14 

63 

122 

236 

37,0 

9917 

3.86 

21 

124 

247 

431 

34.0 

9917 

3.34 

21 

233 

389 

674 

36.0 

0695 

3500 

2.3 

16 

32 

52 

122 

34.0 

9916 

2.3 

13 

73 

97 

17  5 

30.0 

0695 

2. 15 

75 

126 

161 

194 

30.0 

0695 

2.15 

15 

63 

101 

188 

30.0 

0695 

2.1 

11 

55 

91 

205 

30.0 

9916 

2.05 

9 

39 

80 

182 

29,0 

0695 

9000 

1.0 

18 

32 

51 

70 

29.0 

0695 

0.950 

7 

37 

56 

76 

28.0 

0695 

0.900 

15 

46 

71 

104 

30.0 

0695 

0.800 

23 

64 

120 

193 

29.0 

0695 

0.860 

8 

83 

120 

162 

29.0 

0695 

0,850 

10 

33 

54 

116 

30.0 

0695 

4300 

0.510 

8 

34 

57 

157 

10.9 

0695 

0,500 

31 

81 

123 

29o 

12.0 

0695 

0.49C 

16 

65 

129 

220 

12.0 

0635 

0.480 

9 

26 

41 

107 

14.3 

0695 

0.460 

28 

68 

91 

157 

10.3 

0695 

0.450 

30 

94 

163 

257 

10.3 

(a)  Specimen!  were  loaded  at  room  temperature  and  tnen  resistance  heated  to  t< 

*mperature  In  approximately  20  seconds. 

(b)  Chemical  analyses  are  given  below: 

Weight  Per  C 

nt 

Heat 

L 

si 

N1 

Fe 

O 

H 

N 

0695 

0.015 

O.COl 

0.001 

0.001 

0.0002 

0.0001 

0.0001 

9915 

0.023 

0.0C3 

0.001 

0.002 

0.0003 

0.00001 

0.0001 

9916 

0.020 

0.004 

0.001 

0.001 

0.0004 

0.00001 

0.0001 

9917 

0. 023 

O.Gv4 

0.001 

0.001 

0.0007 

0. 00003 

0.0004 

I 

I 

I 

I 
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TABLE  A-14.  CREEP  AND  RUPTURE  CHARACTERISTICS  Of  FORGED  POWDER -HrcTALLUKCY  MOLYBDENUM  AXIAL  RIN'CS 
AT  1500  TO  4.100  F<aX39) 


Temperature, 

F 

Stress, 

1000  psi 

Time, 

17* 

sec,  to  Produce  Indicated  Amount 
of  Deformation 

3 5*S>  Rupture 

Plastic 

Deformation  in  1  Inch, 
per  cent 

1500 

41. S5 

49 

54 

55 

59 

19 

41.6 

51 

64 

67 

69 

on 

41.6 

164 

289 

296 

299 

19 

41.5 

213 

283 

351 

353 

19 

40.8 

695 

1396 

1575 

1587 

19 

5000 

30.  e 

5 

6 

8 

8 

21 

30.0 

34 

49 

51 

52 

23 

29.8 

9 

20 

22 

26 

26 

29.6 

70 

98 

101 

103 

24 

28.8 

62 

117 

124 

132 

21 

28.1 

111 

116 

172 

175 

21 

2500 

12,0 

17 

27 

35 

62 

31 

11.  0 

11 

22 

39 

134 

30 

10.0 

10 

35 

80 

143 

29 

8.05 

11 

35 

58 

318 

32 

8.95 

39 

85 

r? 

286 

31 

A,  fi 

it? 

iZo 

279 

575 

31 

3000 

6.0 

6 

13 

19 

42 

31 

6.81 

13 

33 

44 

78 

34 

5.44 

11 

41 

84 

205 

29 

5.17 

10 

53 

105 

237 

29 

5.0 

12 

76 

135 

295 

30 

4.4 

14 

238 

289 

525 

27 

3500 

2.8 

17 

41 

47 

52 

33 

2.75 

H 

46 

*0 

144 

30 

2.7 

23 

57 

106 

31 

2.5 

73 

150 

174 

284 

29 

2.2 

101 

303 

369 

386 

26 

2.1 

72 

198 

203 

214 

29 

4000 

1.96 

i  j 

22 

26 

27 

23 

1.75 

16 

26 

32 

36 

29 

1.5 

28 

62 

67 

74 

29 

1.35 

62 

78 

81 

85 

25 

1.30 

29 

61 

65 

71 

27 

1.25 

57 

94 

95 

102 

7'* 

4300 

0.864 

3: 

39 

— 

40 

-- 

0.  750 

31 

33 

— 

38 

— 

0.680 

52 

5? 

-- 

53 

— 

0.650 

B2 

105 

— 

105 

— 

0.560 

lw 

119 

-- 

200 

— 

0.520 

184 

200 

" 

2«1 

(0  Specimens  »ere  loaded  at  room  temperature  and  then  rejutance  heated  to  temperature  .n  apprevimately  SOrecond!. 
Chemical  malytc!  V.0V*~  Si.  O.OOlS-Mi.  O.W2>Fc.  O.OOlS-Mn.  O.OGlSMg.  0.0015  0,  0.  0035  W,  O.OOl^Sn. 
0.0010  Cj,  0.0015  Ca.  and  0.0015  Al. 


TABLE  A-1S.  STRESS  TO  PRODUCE  5  PER  CENT  CREEP  DEFORMATION  IN 
1  MINUTE  FOR  FORGED  ARC-CAST  AND  POWDER- 
METALLURGY  /XIAL  MOLYBDENUM  RINGS  AT  DIFFERENT 
TEMPERATURES!39) 


Temperature, 

F 

Stress,  1000  psi,  to  Produce  5  Per  Cent 
Creep  Deformation 

Ate  Cast 

Powder  Metallurgy 

1500 

43.0 

41.9 

2000 

22.3 

29.6 

2500 

9.8 

10.6 

3000 

5.1 

5.45 

3500 

2.26 

2.85 

4000 

0.960 

1.54 

4*100 

A  400 

A  Art  rJ 

V. 

(3)  Specimen  raptured  bef-ie  5  per  cent  creep  deformation.  Perult  shown  is  stress 
to  produce  2  pc:  ccr.t  deformation  in  t  minute. 


TABU  A-16.  RUPTURE  PROPERTIES  OF  WROUGHT  GRAIN -REFINED  MOLYBDENUM  SHEET(aX40) 


Temperature, 

F 

Sheet 

Thickness, 

inch 

Stress, 

1 000  psi 

Time  to 

Rupture, 

minutes 

Elongation  in 

2  Inches, 
per  cent 

2700 

0.  060 

10.0 

4.8 

5.9 

0.059 

8.0 

11.8 

12,5 

0. 059 

6.0 

61.3 

14.2 

3000 

0.060 

7.0 

1.1 

3.0 

0.060 

4.1 

6.6 

8.6 

0.060 

4.1 

13.4 

9.4 

0.061 

1.9 

102.8 

14.8 

(a)  6-rnch  diameter  ingot,  forged  to  sheet  bar  at  2050  to  22  50  F;  I-inch  sheet  bar  tolled  to  1/4-inch  plate  at  1300  F,  anneaicd 
at  2100  F,  and  rolled  to  final  sheet  thickness  slatting  at  1000  F  and  finishing  at  room  temperature. 
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FIGURE  A- 34.  RUPTURE- STRENGTH  RANGE  FOR  COMMERCIAL-PURITY 
STRESS- RELIEVED  MOLYBDENUM  BAR  (5/8-  TO  1-INCH 
DIAMETER)  AT  1800  AND  2000  F<41> 


FIGURE  A-  35.  RUPTURE-STRENGTH  RANGE  FOR  COMMERCIAL- PURITY 
STRESS- RELIEVED  AND  RECRYSTALLIZED  MOLYBDENUM 
SHEET  (0.  062  INCH)  AT  1800  and  2000  F<41> 


FIGURE 
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36.  CREEP  AND  RUPTURE  CURVES  FOR  COMMERCIAL- PURITY 
ARC- CAST  STRESS- RELIEVED  MOLYBDENUM  BAR 
(5/8- INCH  DIAMETER)  AT  1000  TO  2000  F<42) 


0.  015%  carbon. 


Stress,  1000  psi 
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FIGURE  A- 37.  CREEP  AND  RUPTURE  CURVES  FOR  COMMERCIAL- PURITY  ARC- 
CAST  RECRYSTALLIZED  MOLYBDENUM  BAR  (5/8-INCH 
DIAMETER)  AT  1000  TO  2000  f(42) 

0.  01 5%  carbon. 


Stress,  1000  psi  Stress,  lOOOpsi 
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Rupture  Time,  hours  a-««om 


FIGURE  A-  38.  RUPTURE  CURVES  FOR  STRESS  RELIEVED  AND 
RECRYSTALLIZED  MOLYBDENUM  BAR 
(5/8-INCH  DIAMETER)  AT  1000  TO  2000  F'.'-) 


Stress  relieved  2  hour  at  1800  F. 
Recrystaliized  1  hour  at  2150  F. 
0. 015%  carbon. 


CREEP  AND  RUPTURE  CURVES  KOR  STRESS- RELIEVE^ 
RECRYSTALUZED  MOLYBDENUM  AT  1600,  1800,  AND 
2000  pH?) 


0.  015%  carljon. 
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i 
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FIGURE  A-40.  RUPTURE  CHARACTERISTICS  OF  POWDER-METALLURGY 
MOLYBDENUM  AT  2910  TO  4930  f(44) 


FIGURE  A- 41 .  HIGH-TEMPERATURE  CREEP  AND  RUPTURE  CURVES  FOR 

ARC-CAST  MOLYBDENUM  SHEET  (0.060  INCH)  IN  ARGON^J4> 

Specimens  were  loaded  at  room  temperature  and  heated 
rapidly  to  test  temperature.  Creep  measurements  were 
made  lor  maximum  time  of  5  minutes. 


Stress,  1000  psi 
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Rupture  Time,  hours 


A  46061 


FIGURE  A- 42.  HIGH- TEMPERATURE  RUPTURE  CURVES  FOR  COMMERCIAL-PURITY 
POWDER-METALLURGY  MOLYBDENUM  BAR  (1/4- INCH  DIAMETER) 

IN  HELIUM^24) 


Stress,  psi 


A-4? 


Rupture  Time,hours  a-46038 


FIGURE  A-  43.  ST  HESS-  RUPTURE  PROPERTIES  OF  AS-  RECEIVED 
POWDER- METALLURGY  AND  ARC- CAST  MOLYB¬ 
DENUM  SHEET  (0. 010  TO  0.  020  INCH)  IN 
HYDROGEN  AND  ARGON  AT  3990  F^45) 


Method 

of  _ Analytes,  ppm 


Identification 

Consolidation 

C 

0 

N 

H 

Fc 

W 

Si 

Ma 

Ca 

Ca 

Al 

“or 

V 

7t 

1 

PM 

6“ 

139 

15 

13 

100 

<400 

<30 

<100 

<10 

<30 

<50 

<50 

<109 

<50 

2 

AC 

6b 

1M 

16 

12 

200 

<400 

<90 

<100 

<10 

<50 

<50 

<50 

<100 

<50 

3 

AC 

j«4 

129 

4 

12 

2C0 

•400 

100 

<100 

<10 

<50 

<59 

<50 

<100 

<50 

Stress,  psi 
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FIGURE  A-44.  LARSON-MILLER  PARAMETER  AS  A  FUNCTION  OF  STRESS  FOR 
ARC-CAST  MOLYBDENUM  SHEET  (0.010  TO  0.020  INCH)<45> 


A -4  9 


TABLE  A-17.  HARDNESS  SPECIFICATION  FOR  WROUGHT  AND  RECRYSTALLIZED 
ARC-CAST  MOLYBDENUM  UARS(a><6) 


Diameter, 

niches 

Minimum 

Hardness,  DPH(b) 

Maximum 

W  rouRht 

Over  13/32  to  7/S 

230 

280 

Over  7/8  to  1-1/8 

225 

270 

Over  1-1/8  to  1-7/8 

215 

260 

Over  1-7/8  to  2-7/8 

210 

250 

Over  2-7/8  to  3-1/2 

205 

240 

Over  3-1/2  to  4-1/2 

200 

230 

Recrystallized 

Over  13/32  to  4-1/2 

— 

200 

(a)  Hardness  determined  at  mid-radius  of  bar. 

(b)  IC-ag  load. 


-400  400  1200  2000  2800  3600 

Temperature ,  F  a  46062 


FIGURE  A-45.  EFFECT  OF  TEMPERATURE  ON  THE  HARDNESS 
OF  COMMERCIAL-PURITY  ARC-CAST  WROUGHT 
AND  RECRYSTALLIZED  MOLYBDENUM*24) 
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TABLE  A-18.  BEND  DUCTILITY  REQUIREMENTS  FOR  ARC-CAST  MOLYBDENUM  » 

PLATE  AND  SHEETS) 


Direction  of  _ Bend  Radius  Value,  T _ 

Bend  Axis  Maximum  Typical 


Plate.  Up  to  0.250  Inch(9) 


Parallel  to  rolling  3  1 

Transverse  to  rolling  3  1 

Sheet<10> 

Parallel  to  rolling  2  0 

Transverse  to  rolling  2  C 


(a)  3/4  by  2 -inch  specimens,  l.lodcrate  loading  rate. 


TABLE  A- 19.  EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE 
YIELD  STRENGTH  OF  ARC-CAST  MOLYBDENUM 
BAR  (3/4-INCH  DIAMETER)(aX32) 


Temperature, 

Compressive  Yield  Strength 

F 

(0. 2^>  Offset).  1000  psi 

RT 

104.0 

400 

76.2 

600 

73.0 

800 

"9.4 

1000 

o#.5 

1200 

66.8 

1400 

69.6 

1600 

58.6 

1800 

54.  n 

2000 

46.8 

2200 

20.9 

2400 

5.65 

(a)  Tested  in  argon  at  0.05  inch  per  minute  crossbead  speed. 
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FIGURE  A- 46. 


FIGURE  A -47. 


EFFECT  OF  TEMPERATURE  ON  THE  COMPRESSIVE  YIELD 
STRENGTH  OF  RECRYSTAT.LT7.ED  COMMERCIAL- PURITY 
POWDER- METALLURGY  MOLYBDENUM  BAR  (0.200- INCH 
DIAM£TER)(24) 

Recrystallized  1/2  hour  at  2280  F. 

Test  rate  2.  8  x  10~4  per  second. 


57. 

- 27. 

- - (7. 

— - 05 

_ 

V* 

1 

7. 

'  Cre«p 

>0  too  >000 

T.rrt*.  IXU  A-««ou 


STATIC  COMPRESSION  CREEP  CURVES  FOR  COMMERCIAL- 
PURITY  ARC- CAST  SWAGED  MOLYBDENUM  BAR 
(0.  250-INCH  DIAMETER)  AT  1600  F(24) 
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TABLE  A-20.  EFFECT  OF  TEMPERATURE  C'N  THE  SHEAR  STRENGTH  OF  ARC -CAST 
MOLYBDENUM  SHEET(36) 


Temperatu.e, 

Shear  Strength,  1000  psi 

F 

0.015-Incb  Sheet  0.000-lnch  Sheet 

-100 

107 

— 

-50 

84 

— 

0 

89 

75,  78 

32 

84 

69,  75 

75 

83 

79 

200 

64, 68 

63, 65 

400 

67 

52 

600 

54 

H* 

300 

50 

45 

1000 

50 

45 

1200 

46 

42 

1400 

44 

35 

1600 

39 

32 

1800 

36 

20 

Temperoture.F 


0  500 

Temperature ,  F 


EFFECT  OF  TEMPERATURE  ON  THE  SHEAR 
PROPERTIES  OF  MOLYBDENUM* 1 3> 


FIGURE  A-43 


Impact  Energy, ft-lb 
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FIGURE  A-49-  (CONTINUED) 
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FIGURE  A-  50.  FATIGUE  PROPERTIES  OF  UNNOTCHED  AND  NOTCHED  ARC- 
CAST  AND  POWDER-METALLURGY  MOLYBDENUM^) 

Carbon  Content, 
weight  per  cent 

Arc  cast  0.  04 

Powder  metallurgy  0.  02 

R.  R.  Moore  rotating- beam  machine,  10,  OOOrpm. 

Minimum- section  diameter,  0.  260  inch. 


Stress ,  1000  psi 


FIGURE  A- 51 


0-  /.-.'-TEMPERATURE  FATIGUE  PROPERTIES  OF 
POWDER- METALLURGY  MOLYBDENUM  SHEET 
(0.  025  INCH)<24> 


I04  10s  I06  I07  10® 

Cycles  to  Foilure  A 46065 


FIGURE  A- 52.  LOW- TEMPERATURE  FATIGUE  PROPERTIES  OF 
POWDER- METALLURBY  MOLYBDENUM  WIRE 
{0.  (104-INCH  DIAMETER)(47) 

Wire  was  annealed  to  a  room- temperature  tensile 
strength  of  ill,  000  psi. 
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4.  Metallurgical  Properties 

a.  Fabricabilily:  initial  breakdown  of  as-cast  ingots  is  usually  done  by  extrusion; 

forging  is  conducted  at  2150  to  2350  F  maximum,  finishing 
temperature  1500  to  1700  F  minimum;  for  optimum  properties, 
forging  and  reheiting  temperatures  must  be  controlled  to 
produce  at  least  50  per  cent  reduction  by  warm  work  below  the 
recrystallization  temperature,  as  each  successive  operation  is 
performed,  the  heating  temperature  must  be  lowered;  reductions 
of  up  to  90  per  cent  are  possible  without  an  intermediate  re- 
crystailization  anneall’”':  recommended  work  temperatures 
after  extrusion  are  illusti ated  in  Figures  A-53  and  A- 54 

b.  Transition  temperature:  Tables  A-21  and  A-22 

Figures  A-53  through  A-60 

c.  Weldability:  can  be  welded  to  itself  or  to  any  material  with  which  it  readily 

alloys  by  arc,  electrical  resistance,  percussion,  lias!,  or 
electron-beam  techniques;  properly  welded  a.rc-cast  molybdenum 
has  a  ductility  at  room  temperature  satisfactory  for  assembly 
and  forming,  but  at  slightly  elevated  temperatures  (200  to  400  F), 
the  ductility  is  better,-  molybdenum  prepared  by  powder-metallurgy 
techniques  does  not  behave  as  satisfactorilyf24) 

d.  Stress-relief  temperature:  1600  to  1800  F^1^ 

e.  Recrystallization  temperature:  F-gurcs  A-61  through  A-69 


I 

I 


TABLE  A-21.  EFFECT  OF  HEAT  TREATMENT  ON  THE  TRANSITION  TEMPERATURE  AND  NOTCH  SENSITIVITY 
OF  MOLYBDENUM  BAR*3*) 


Difference  Between  Notch 
and  Unnotched  Ductility 

Ductility  Ttanntion  Temperature,  C  Transition  Temperature. 

Condition  Unnotched  Notched  (Kt  =  3)  AC 


A  s  wrought  (25 C* 

75 

200 

125 

As  wrought  (68%) 

-25 

175 

200 

Low  temp,  stress  relieved 

-SO 

150 

200 

Hign  temp,  stress  relieved 

-50 

125 

175 

Rccrystallized  (small  grain) 

50 

200 

25° 

Recrystallized  (medium  grain) 

200 

325 

125 

Rccrystallized  (large  grain) 

225 

3 25 

ICO 

TABLE  A-22.  BEND -TRANSITION  TEMPERATURE  REQUIREMENTS  FOR  ARC- 
CAST  MOLYBDENUM  PLATE  AND  SHEET*3) 


Direction  of 

Bend -Transition  Temperature,  F 

Bend  Axis 

Maximum 

Typical 

Plate,  Up  to  0.250  Inch*9' 

Parallel  to  rolling 

300 

70 

Transverse  to  rolling 

300 

70 

Sheet*111) 

Parallel  to  rolling 

100 

65 

Transverse  to  rolling 

100 

65 

(a)  Bend-transition  temperature  is  defined  as  the  minimum  temperature  at  which  a 
specimen  will  bend  through  105  degrees  with  a  moderate  variable  loading  rate 
over  a  IT  radius  without  failing. 
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50  55  60  65  70  75  80  85  90  95 

Reduction,  per  cent 


FIGURE  A- 53.  APPROXIMATE  RECOMMENDED  WORKING  TEMPERATURES  FOR 
CORRESPONDING  AMOUNTS  OF  HOT- COLD  WORK  FOR  ARC- 
CAST  MOLYBDENUM^) 


0  400  800  1200  1600  2000  2400 

Temperature,  F 

*-45992 

FIGURE  A-  54.  RECOMMENDED  WORKING  TEMPERATURE  FOR 
COMMERCIAL- PURITY  MOLYBDENUM  BAR  AND 
SHEET^2'*) 

Applies  to  spinning,  shearing,  stamping,  punching, 
hydroforming,  bending,  stretch  forming,  and  deep 
drawing. 


Tempera!  jre,  C 

-40  -20  0  20  40  60  80  100  120 


FIGURr,  /v-5 


FIGURE 


Temperature,  F  A-35943 


t  EC  1  OF  PRIOR  PROCESSING  ON  THE  BEND- TRANSITION 
TEMPERATURE  OF  ARC-CAST  MOLYBDENUM  SHEET 
(1/16  INCH)*24) 

Specimens  Ml  by  1  inch. 

Test  rate  19  inches  per  minute. 

Bend  radius  IT. 

Data  for  seven  sheets. 
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.-56.  BEND- TRANSITION  TEMPERATURES  FOR  ARC-CAST 
MOLYBDENUM  SHEET  (1/1C  INCH)  SUBJECTED  TO 
INDICATED  THERMAL  AND  SURFACE  TREATMENTS*20) 


Impact  Energy,  ft -lb  ^  Impact  Energy,  ft- lb 
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IMPACT  (CHARPY  V-NOTCH)  TRANSITION  BEHAVIOR  OF 
COMMERCIAL- PURITY  ARC- CAST  MOLYBDENUM(24) 


Temperature,  F  A  46066 


FIGURE  A-  58.  TYPICAL  IMPACT  (CHARPY  V-NOTCH) 

TRANSITION  RANGE  FOR  MOLYBDENUM^0) 


A-6  Z 


Temperoture,  C 


200  400  600  800  KXX> 

Temperature,  F 


FIGURE  A-59.  EFFECT  OF  TYPE  OF  STRESS  SYSTEM  ON  THE  TRANSITION 
TEMPERATURE  OF  RECRYSTALLIZED  MOLYBDENUM*51) 


O 


Oxygen,  Carbon,  or  niitrogen.per  *ent 

A-45991 

FIGURE  A- 60.  EFFECT  OF  OXYGEN,  CARBON,  AND  NITROGEN  ON  THE 
BEND- TRANSITION  TEMPERATURE  OF  MOLY  BDENUM(52) 
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I -Hour  Annealing  Temperature,  F 


FIGURE  A-61.  EFFECT  OF  ANNEALING  TEMPERATURE  ON  THE  HARDNESS 
OF  COMMERCIAL- PURITY  MOLYBDENUM  BAR  (1-1/16  INCH 
SQUARE)(53) 


FIGURE  A.-62.  EFFECT  OF  REHEATING  TEMPERATURE  ON  THE 
RECRYSTALLIZATION  AND  ROOM- TEMPERATURE 

hardness  of  as- rolled  molybdenum  bar<24> 


Recrystallization,  per  cent  Recrystal lization,  oer  cent 


A- 64 


A-46050 


FIGURE  A-63,  KECRYSTALLIZATION  BEHAVIOR  AS  A  FUNCTION  OF  TIME 
AND  TEMPERATURE  FOR  MOLYBDENUM  BARS  ROLLED  TO 
INDICATED  REDUCTIONS^4) 


0.  008%  carbon. 


00  2800  3000  3200  3400 

Temperature,  F  a-^eosi 

b  Rolled  ot  3000  F 


FIGURE  A- 6 3.  (CONTINUED) 


Recrystal lization,  per  cent  Recrystal  libation,  per  cent  Recrystallization,  per  cent 
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Tempera  tire,  F  a-4!>97s 


FIGURE  A- 6 4.  RECRYSTALLIZATION  BEHAVIOR  AS  A  FUNCTION  OF 
TEMPERATURE  AND  EXTERNALLY  APPLIED  STRESS 
FOR  MOLYBDENUM  BARS<54) 


Annealed  for  10-minute  periods.  Subjected  to  indicated 
reductions  at  2200  F.  0.  008%  carbon. 


A- 6  7 


FIGURE  A- 65.  TEMPERATURE  FOR  COMPLETE  RECRYSTALLIZATION  VERSUS 
PERCENT  REDUCTION  FOR  MOLYBDENUM  BAR  (1/2  INCH 
SQUARE)*25* 

0.  025%  carbon. 


FIGURE  A- 66 


EFFECT  OF  DEFORMATION  ON  THE  MINIMUM 
TEMPERATURE  FOR  COMPLETE  RECRYSTAL-- 
LIZATION  OF  ARC- CAST  MOLYBDENUM***?) 
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FIGURE  A-67.  ANNEALING  CURVE  FOB  ARC-CAST  MOLYBDENUM  BAR*22) 

1/4  hour  at  temperature,  hydrogen  atmospnere,  aircooled. 

Arc-melted  ingot  swaged  to  7/16-mch  diameter  bar 
Vr  orking  temperatures  generally  above  600  C. 


Element 

Weight  Per 

C 

0.  002 

O 

0.  0022 

N 

0.  001 

H 

0. 00006 

Ta 

<0.  2 

W 

<0.  1 

Others 

<0.  05 

FIGURE  A-68.  ANNEALING  CURVE  FOR  ARC-CAST  MOLYBDENUM  SHEET<22) 

1/4  hour  at  temperature,  hydrogen  atmosphere,  air  cooled. 

Arc-melted  ingot  rolled  to  0.  065-inch  sheet.  Working 
temperatures  generally  above  600  C. 


Element 

Weight  Per  Cent 

C 

O 

N 

0.  026 
'y  f\c\  no 

V.  woo  7 

<0.  001 

H 

0.  00006 

Ta 

<0.  2 

W 

<0.  1 

Others 

<-0.  05 
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I -Hour  Reheating  Temperature,  C 
900  1000  1100  1200  1300 


1-  Hour  Reheating  Temperature,  F 

A -35932 


FIGURE  A-69.  RECRYSTALLIZATION  BEHAVIOR  OF  ARC-CAST  MOLYBDENUM 
SHEET  (1/16  INCH)  AS  REFLECTED  BY  ROOM- TEMPERATURE 
HARDNESS^20* 

Data  lor  seven  sheets.  Analyses  0.0004%  O,  0.00003%  H,  and 
0.  0007%  N. 


Process’ng  Schedule 


),  Arc-cast  ingot  machined  into  an 
extrusion  blank 

2.  Extruded 

3.  Extruded  billet  conditioned  and  re¬ 
crystallized 

4.  Forged  or  rolled  to  a  1  to  2-in.- 
thick  sheet  Dar 


5.  Sheet  bar  conditioned  and  re¬ 
cry  stailized 

6.  Rolled  to  1/4  to  3/8-in. -thick 
plate 

7.,  Recrystailized 
8.  Rolled  to  l/16-;i.  sheet. 
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Mo-1.  5Cb 


1 .  Identification  of  Material 

a.  Chemical  composition:  Mo-1.5Cb 

b.  Forms  available:  ingot  and  fabricated  shapes  on  a  best  efforts  basis 

2.  Physical  Properties 

a.  Density:  0.  368  lb/in.  ^  (calculated) 

3.  Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:  Table  A-23 
Tensile  yield  strength:  Table  A-23 
Elongation:  Table  A-23 
Reduction  in  area:  Table  A-23 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Table  A-24 

Figures  A-70  and  A-71 

'1  ensile  yield  strength:  Table  A-2* 

Figures  A-70  and  A-71 

Elongation:  Table  A- 24 

Figures  A-70  and  A-71 

Reduction  in  area:  Table  A- 24 

c.  Creep  and  Stress-Rupture  Properties 

Tables  A-25  and  A-26 
Figure  A-72 

d.  Other  Selected  Mechanical  Properties 

Hardness:  Figure  A- 73 

Bend  ductility:  Figures  A-74  through  A-76 
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TABLE  A -23.  ROOM-TEMPERATt’RE  TENSILE  PROPERTIES  OF  Mo-l.SCt  B/sR  AND  SHEET 


Composition 
(Balance  Moljbden-nn) 
weight  per  cent 

Condition 

Tuuil*. 

Strength. 

1000  p*i 

Yield 

Strength 

1000  psi 

Elongation* 
per  cent 

Reduction 

in  Area, 
pci  cent 

Bar  (1  /-I- Inch  Diameter)^ 

1  41GH-0  04', C 

As  rolled 

!o?  5 

III  9 

3 

3.3 

Stress  relieved,  1  hour  21o0  F 

127.8 

107.9 

4 

2.5 

RcarystaliizeJ,  1  hour  255u  F 

87.1 

54.9 

44 

36.8 

1  I5Cb-  -.-‘5C 

As  rolled 

165.5 

121.4 

2 

1.6 

Stress  relieved,  1  hour  -’O"  1  F 

155.6 

120.2 

1 

0.8 

Recryitalltzcd,  l  hour  270c  F 

UZ.  7 

87. 9 

14 

11.4 

cheet  (0.u5o  Inch)^3^ 

1.35Cb-o.028C<b) 

Stress  relieved,  1  4  hour  I80o  F 

14u.6 (L) 

120.9  (L) 

10  (L) 

--- 

147.7  (T) 

131.9(1) 

7  (T) 

-- 

1.3SCb-u.028C<(a) b) (c) 

Recrystallizcd,  1/4  hour  2300  F 

91.7  (L) 

83.7  (L) 

38  (L) 

.. 

9S.b  (T) 

81.8  (T) 

23  (T) 

-- 

I.34Cb-o.028CW 

Stress  relieved,  1, 1  hour  I80v'  F 

135.3  (1.) 

111  3  (L) 

19(b) 

-- 

145. 5  (T) 

129.8  (T) 

8(7) 

-- 

1.35Cb-».028C(c) 

Recrystallizcd,  1/4  hour  23 J  1  F 

92  7  (L) 

81.7  (L) 

22  (L) 

-- 

yvu  (T) 

81.6  (1) 

26  (  T) 

-- 

(a)  Tests  rate  0.005  inch  per  inch  per  nunutc  in.  the  clastic  range,  then  0.05  inch  per  inch  per  minute  to  fracture. 

(b)  Sheet  rollcJ  in  an  with  a  relatively  low  finishing  temperature. 

(c)  Sheet  rolled  tn  air  with  a  relatively  high  finishing  temperature. 
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TABLE  A-2-*.  EFFECT  OF  TEMPERATURE  ON  Tilt  I  ENSILE  PROPERTIES  Or  MO-1.5Cb  BAR  AND  SHEET 


Composition 
(Balance  Molybdem  m), 
weight  per  i cm 

(Condition 

Temperature. 

F 

i  ensile 
Strength, 
ludu  psi 

Yield 

Strength, 

10 00  p<l 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Bar  (1  4-Iuch  Diameter)^1) 

l.41Cb-o.047C 

Sires*  relieved.  1  hour  21uo  F 

1800 

87.3 

CJ.O 

17 

56.1 

2400 

23.7 

14.1 

77 

34.6 

i  4iCb-0. 047C 

Recrvstallizcd,  1  liour  2550  1 

I80*i 

41  ,U 

2o.2 

25 

33.4 

2*lo0 

21.  C 

11.8 

31 

37.0 

1.4SCb-J.25C 

As  rolled 

18j0 

33.6 

62.4 

20 

55.3 

i.45Co-u.25C 

strc>j  relieved,  1  hour  2»iuo  F 

18u0 

101.3 

86. 

7 

14.5 

24  uO 

64  4 

36 

88. 1 

].45Cb-  ».25C 

Recrystal  hzed,  1  hour  27oo  F 

J80*i 

45.4 

l  3.3 

id 

81.1 

2to*» 

3o.5 

-• 

71 

33.3 

Sheet  (O.050  lnch)(a^ 

1.35Cb-".U28C<b> 

Stfe»  relieved,  S/4  hour  180*»  F 

2000 

75.0 

45.4 

8 

-- 

1.3SCb—.i>28C<b> 

P.ecrysiallized,  I  4  hour  250<*  F 

2  «»o0 

51.0 

.. 

25.5 

-- 

24. ... 

21.4 

-- 

t3.5 

•- 

3u«>u 

7.5 

” 

55.5 

— 

1.35Cb-d.028C<c) 

Stress  relieved,  1/4  lour  18du  F 

20vi0 

"3. 

-• 

4 

-• 

1.35Cb-».tf28C(c) 

Rccrystallizcd,  1/4  hour  230 u  F 

2000 

41.7 

-- 

18.0 

-- 

2400 

2J.2 

-- 

7>> 

-- 

300 n 

8.*» 

44.5 

(a)  1  c'l  rale  0.005  m*  h  per  inch  per  minute  in  the  clastic  range,  then  0. 05  inch  per  inch  per  minute  fracture. 

(b)  Sheet  rolled  in  air  with  a  relatively  low  finishing  temperature. 

(c)  Sheet  rolled  m  air  wun  a  relatively  high  finishing  temperature. 
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-60  -20  20  00  100  140 


Temperature,  F 

*-45994 

Heat  4051-L,  analyses  1.35%  Cb  and  0.028%  C- 

Sheet  rolled  in  air  with  a  relatively  low  finishing  temperature. 

FIGURE  A-70.  LOW-TEMPERATURE  TENSILE  PROPERTIES  OF  LONGITUDINAL 
STRESS-RELIEVED  AND  RECRYSTALLIZED  Mc-1.5Cb  SHEET 
(0.050  INCH)<2> 


Elongation,  percent  Elongation,  percent 
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Sheet  relied  in  air  with  a  relatively  high  finishing  temperature. 
Heat  4051-H,  analyses  1.  35%  Cb  and  0.028%  C. 


FIGURE  A-70 


(CONTINUED) 


40 1 


FIGURE  A-7 1. 


Elongoticn,  percent  Elongation,  per  cent 
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-  60  -  20  20  60  100  140 


Sheet  rolled  in  air  with  a  relatively  low  finishing  temperature. 

Heat  4051-1.,  analyses  1.  35%  Cb  and  0.  028%  C. 

LOW-TEMPERATURE  TENSILE  PROPERTIES  OF  TRANSVERSE 
STRESS- RELIEVED  AND  RECRYSTAI  LIZED  Mo-1.5Cb  SHEET 
(0.050  INCH)'2) 
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Sheet  rolled  in  air  with  a  relatively  high  finishing  temperature. 
Heat  •■'051-K,  ..mlyses  1.  Ol>  and  0.  023%  C. 

FIGURE  A-71.  (CONTINUED) 
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TABLE  A-25.  CREEP  AND  STRESS-RUPTURE  BEHAVIOR  OF  Mo-1.5Cb  BAR  (3/lb-lNCH  OlAMETER) 
AT  I860  AND  2400  fU* 


Composition 
(Balance  Molybdenum), 
weight  per  cent 

Condition 

Stress. 
1000  psi 

Minimum 
Creep  Rare, 
per  cent  hour 

Rupture 

1  imc. 

hours 

Elongation, 
per  ccm 

Reduction 

in  Area, 
per  cent 

1800  F 

1.41Cb-0.017C 

Stress  relievcu,  1  hour  21 0o  F 

75.0 

0.33 

17.1 

16.4 

76.9 

70.0 

0.O8 

68.3 

18.1 

76.1 

i.41Cb-0.047C 

Rcerystallized,  1  hour  2550  F 

30.0 

0.92 

17.8 

62.3 

87.3 

35.  o 

0.0*13 

234.3 

44.1 

78.1 

1.45Cb-0,25C 

Stress  relieved,  1  hour  2000  F 

88. 0 

0.35 

18.7 

1G.0 

S3. 1 

80.  o 

0.2u 

32.8 

19. u 

73.8 

1.45Cb-0.25C 

Rcer/jtallized,  1  hour  2700  F 

43.0 

0.15 

146.0 

47.7 

70.5 

2400  F 

1.41Cb-0.047C 

Stress  relieved,  1  hour  2100  F 

15.0 

— 

0.3(a) 

15.6 

21.5 

12.  * 

0.30 

49.5 

51.2 

97.3 

I.41Cb-0.047C, 

Rcuystuilueu,  i  nour  2550  f 

15.0 

3.5u 

5.2 

37.5 

84.8 

11.0 

1.20 

o.8(a* 

8.5 

26.7 

1.45Cb-0.25Q 

Stress  relieved,  1  hour  2000  F 

2o.O 

0.60 

3.1 

40.8 

83.2 

S8.0 

0.1S 

11.6 

37.6 

84.0 

1.45Cb-0.25C 

Rcerystallized,  1  hour  27ou  F 

16. i* 

1.80 

17.0 

51.2 

90.1 

12.5 

0.07 

53.2 

44.1 

90.1 

(a)  Spcuiiiui  .>v cihearcd , 


TABLE  A -26.  100-HOUR  RUPTURE  STRENGTH  FOR  STRESS-RELIEVED 
AND  RECRYST  A  III  ZED  Mo-l.SCb  BAR  (3/16-INCH 
DIAMETER)  AT  1800  AND  2400  F*1* 


10-)-Hou:  Rupture  Strc$>, 
1000  p«i,  to  Produce 

Composition  Rupture  at  Indicated 

(Balance  Molybdenum)),  _ Temperature 


weight  per  ccm 

Condition 

180i>  F 

2400  F 

1.41CH-0  047C 

Stress  relieved 

68.5 

11.5 

Rcerystallized 

37.1 

9.4 

i  .45Cb*U.25C 

Stress  relieved 

80.0 

12.3 

Rec.ystallized 

13.5 

11.8 
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FIGURE  A- 7.1.  STRESS -R'JPTURE  BEHAVIOR  OF  RECRYSTALLIZ.ED  Mo-1.5Cb 
SHEET  AT  2400  AND  3000  F{2* 

4051-E  sheet  rolled  in  air  with  a  relatively  low  finishing  temperature. 


•i051-H  sheet  rolled  in  air  with  a  relatively  high  finishing  temperature. 


Analyses  1 . 35%  Cb  and  0.  028%  C . 


Tsmpsrohst,  f 


FIGURE  A-7J.  EFFECT  OF  TEMPERATURE  ON  THE  HOT  HARDNESS 
OF  ARC-CAST  Mo-  I .  SCb 

Analyses  1 . 1  T*  Cb  and  0.  028%  C. 


Bend  Angle,  degrees 
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FIGURE  A-7-J.  BEND-DUCTILITY  BEHAVIOR  OF  STRESS-RELIEVED  AND 
RECRYSTALLIZED  Mo-1.  5Cb  SHEET  (0.  051  INCH)<?) 


Sheet  rolled  in  air  with  a  relatively  low  finishing  temperature. 
Heat  405I-L,  analyses  1. 35%  Cb  and  0.  028%  C. 


Bend  Angle,  degrees 
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FIGURE  A-75.  EFFECT  OF  TEMPERATURE,  THERMAL  TREATMENT,  AND 
SURFACE  CONDITION  ON  THE  BEND  DUCTILITY  OF  Mo- 
1.5Gb  SHEET  (0.049  1NCH)<2) 

Shoot  rolled  in  air  with  a  relatively  high  finishing  temperature. 


Specimen  chemically  milled  to  0.  046  inch. 

Heat  4051-H,  analyses  1.  55%  Cb  and  0.028%  C. 


Bend  Angle,  degrees 
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FIGURE  A-  7o.  EFFECT  OF  TEMPERATURE,  THERMAL  TREATMENT,  AND 
SURFACE  CONDITION  ON  THE  BEND  DUCTILITY  OF 
Mo- 1.  5Cb  SHEET  (0. 056  TO  0.059  INCH)<2> 

Rolled  in  InF.nb  facility. 

Specimen  chemically  milled  to  0.  053  inch. 

Heat  40^1-1,  analyses  1.35%  Cb  and  0.028%  C. 
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4.  Metallurgical  Properties 

a.  Fabricability:  arc-cast  ingots  can  be  extruded  to  sheet  bar  at  2800  to  3000  F 

using  reduction  ratios  of  up  to  7:1,  sheet  bar  can  be  rolled  to 
intermediate  gage  thickness  (1/8  inch)  at  24C0  F;  final  sheet 
rolling  to  0.  050  inch  can  be  done  at  1500  to  2000  F^“) 

b.  Transition  temperature:  -58  to  225  F  depending  upon  fabrication  history, 

thermal  treatment,  and  surface  condition^* 

c.  Stress-relief  temperature:  1  hour  at  2000  to  2100  F  for  bar  material^*); 

1  /4  hour  at  2000  F  for  sheet  (0.  050  inch) 
material'-^ 

d.  Recrystallization  temperature:  1  hour  at  2550  to  2700  F  for  bar  material^*) 

Tables  A-2?  and  A-28 
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TABLE  A-d7.  EFFECT  Of  ANNEALING  TEMFERATURE  ON  THE  HARDNESS  OF  Mo-l.SCb 
EXTRUDED  SHEET  BARS*1*2) 


ExtMiiicn 

Temperature, 

F 

Extrusion 

Ratio 

Hardness,  OPH,  After  Annealing  1-Hour  at 
Indicated  Temperature.  P 

As  Extrude^ 

2600 

2800 

3000 

3200 

3300 

mm 

207 

206 

19#) 

.. 

•108 

199 

188<b) 

— 

— 

— 

182 

17#) 

— 

184 

-- 

-- 

El 

m£M 

89 

213 

198 

19#) 

(a)  Analytit  1 . 35*5L  Cb  and  0.0289.  C. 

(b)  100  pet  cent  lectyitalliztd. 


TABLE  A-E8.  HARDNESS  AND  RECRYST ALU2 ATION  BEHAVIOR  Of  Mo-l.SCb  SHEET  (0.050  1NCH)I*X2) 


Sheet  Roiled  in  Ait  With  a  Siieet  Roiled  in  A.  With  a 


1/4 -Hour  Annealing 

Relatively  Low  Finishing 

Relative!)  High  Finishing 

Temperatute 

Temperature 

Sheet  Rolled  In  In  Fab  Facility 

Temperature, 

Hardness 

,  Recrystallisation. 

Hardness 

Reoysullization. 

Hardness. 

Rccrystallization 

F 

OPH 

per  cent 

or;i 

per  cent 

DPH 

per  can 

As  rolled 

332 

0 

327 

ii 

319 

0 

1800 

319 

0 

310 

0 

.. 

2o00 

301 

0 

3‘  3 

0 

297 

0 

2050 

— 

— 

— 

— 

291 

5 

2100 

297 

5 

296 

2 

256 

40 

2200 

252 

60 

253 

40 

m 

100 

2250 

235 

90 

241 

80 

23' *0 

181 

100 

193 

ior. 

.. 

-- 

;a)  Anaiyin  1.359.  Cb  and  0.0289.  C. 
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Mo-0.  05Zr 


Identification  of  Material 

a.  Chemical  composition:  Mo-0. 05Z 

b.  Forms  available:  ingot  and  fabricated  shapes  on  a  best  efforts  basis 
Physical  Properties 

a.  Melting  point:  -4730  F  (essentially  the  same  as  that  for  unalloyed  molybdenum) 

b.  Density:  0.  369  lb/ in.  ^  (calculated) 

Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:  Table  A-29 
Tensile  yield  strength:  Table  A-29 
Elongation:  Table  A-29 
Reduction  in  area:  Table  A-d° 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Table  A- 30 

Figures  A-77  through  A-79 

Tens’lc  yield  strength:  Table  A-30 

Figures  A-77  through  A-79 

Elongation:  Table  A-30 

Figures  A-77  through  A-79 

Reduction  in  area:  Table  A-30 

Figures  A-77  through  A-79 

c.  Creep  and  Stress-Rupture  Properties 

Tables  A-31  and  A- 33 

d.  Other  Selected  Mechanical  Properties 

Bend  ductility:  Table  A-33 
F igure  A-80 
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TABU  A-29.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  MoO.OSZr  ROD  AND  SHEET 


Composition 
(Balance  Molybdenum), 
weigh;  per  cent 

Condition 

Tensile 

Strength. 

1000  p»i 

Yield 
Strength. 
100t/  psi 

Elongation, 
per  cent 

Reduction 
m  Area, 
per  cent 

Reference 

Rod  (5/ —Inch  Diameter) 

0.054Zr-0.019C 

As  rolled 

127.7 

108.  : 

20 

60.5 

to 

0. 054ZX-U.01BC 

Stress  relieved 

12C.4 

111.0 

26 

58.  9 

(0 

0.054Z:-0.024C 

Stress  relieved 

120. 9 

32 

65.0 

(2) 

a.0>lZr-0.O2.w 

Stress  relieved 

129.9 

32 

64.9 

(2) 

0. 064Zr ‘0.01SC 

Rccrysuihzed 

75.6 

59.3 

23 

18.9 

(1) 

Shcct(i/I6  inch) 


O.OSZt-O.'j 2CC 

At  tolled 

145.6(E) 

129. 3(L) 

5.0(L) 

(3) 

0.05Zr-0.022C 

At  tolled 

156. 4(T) 

13J.7(T) 

3.i(T) 

(3) 

0.0SZr-0.022C 

Sttest  relieved^1) 

126. 0(L) 

1 16. 8(L) 

13. 0(L) 

(3) 

0.05Zt-0.022C 

Sttei<  relieved!*) 

131. 0(T) 

122.9(T) 

».0(T) 

(3) 

0.05Zr*0.022C 

RectytulUzcd(l’) 

78.8(E) 

C3.5(L) 

40. 0(L) 

(3) 

v.05Zr*0.022C 

Re  crystallized^) 

80.2(T) 

C.’..2(T) 

36.C(T) 

*• 

(3) 

.•.vsZr*U.05JC 

As  rolled 

122. 2(L) 

106.0(E) 

9.6(L) 

(3) 

v.05Zr*0.053C 

As  rolled 

129. 1(T) 

I0>.  6(T) 

6.5(T) 

(3) 

u.05Z;*C.v53C 

Stress  relievcd(a) 

115.2(E) 

99.1(E) 

15.5(E) 

(3) 

0.05Zr-0.053C 

Stress  relieved^*) 

120.  icn 

101. 3(T) 

li.5(T) 

(3) 

0  9oZ :-0.053C 

Recrysulltzcd(c) 

6o.9(E) 

56.0(L) 

39.0(E) 

-- 

(3) 

0.05Zr*0.053C 

Rec:ysUihzcd(c) 

78.9(T) 

69.0(T) 

44.0(T) 

(3) 

(-)  Stros  relieved  1  hour  at  2000  F. 

(b)  Reef)  sta  lined  1  hour  at  2550  F. 

(c)  Ricrysuilizcd  1  hour  at  2500  F. 
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TABLE  A -30.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF  Mo-0.  OSZr  ROD  AND  SHEET 


Compaction 
(Balance  Moljbdcn.im), 
we  jght  pc;  cent 

Temperature, 

F 

Condition 

Tensile 

Strength, 

loco  psi 

Yield 

Strength, 

1000  pit 

Elongation, 
per  cent 

Reduction 

in  Area, 
per  cent 

Reference 

Ruu  {  j  c  -liA4.il  Dt  Jtuelei) 

0.054Zr'0.01t>C 

GuO 

A>  rolled 

t>J.6 

53.6 

17 

75 

to 

0.0;4Zr-0.01SC 

i  000 

Stress  relieved 

5 1,0 

42.8 

14 

72 

to 

0.054Z.-0.01bC 

1600 

Rccr)stall'.zed 

32.i* 

17.6 

46 

7i* 

to 

0.  G54Zr  *0. 024C 

!*'0.‘ 

5tv«;  relieved 

7S.7 

- 

32 

65 

(•»> 

0.05  JZr-0.02 1C 

1800 

Stress  relieved 

7s.  5 

-- 

32 

64.9 

(i) 

0.054Zr-0.O24C 

2c00 

Stress  relieved 

»M  «? 

55. 3 

10 

76. 1 

O) 

0.054Zr-0. 0?4C 

-U'U 

Stress  relieved 

69.  7 

57. -1 

11 

54.2 

(3) 

O.OOJZf-O.OlSC 

2400 

Strc>$  relieved 

31.6 

25.2 

33 

91.6 

(5) 

0.054Z;  *0. 024C 

2400 

Stress  relieved 

21.O 

17.0 

20 

•30.2 

O) 

0.05;Zr*0.02K: 

2400 

Strc«  relieved 

22  9 

is. ; 

23 

91.3 

<») 

C.CvriZr  0.  CISC 

2400 

RccrysuUizcd 

20.0 

12.  s 

59 

94.5 

(5) 

Sheet  r  1/16  Ineh) 

0.05Z; -0.022c 

1800 

A>  rolled 

78.8  (L) 

-- 

1.0(L) 

(3) 

0.05Zr-0.082C 

1SOO 

As  rolled 

77. 8  (T) 

29.6(0 

(T) 

“* 

(3) 

0  06Z.--0  022C 

1600 

Stress  relieved^3) 

7:'.  8(1) 

... 

-.0(L) 

.. 

C) 

0.06Zf  0.022C 

1800 

Stress  relieved^3) 

78.  0  (T) 

-- 

2.0(T) 

-- 

(3) 

0.05Zr-0.022C 

1800 

Re  crystallized^) 

31.9  (L) 

25.  C  (L) 

-- 

(3) 

0.05Z; -0.022C 

1600 

Kecry«talliZb’d(^) 

Jl.C(T) 

17.3  (T) 

e3.v(0 

-- 

(3) 

0.05Zr-0.053C 

1800 

As  rolled 

55. 0  (L) 

33.  v  (L) 

5.0(c) 

- 

(3) 

0.05Zr-0.053C 

1800 

As  rolled 

Cl.  3  (T) 

-- 

i.O(T) 

-- 

(3) 

0.0'>Zr-0.063C 

1800 

Stress  relieve  J^3) 

00.  t>  (L) 

-- 

3.0  (L) 

•  * 

(3) 

0.0'.Z>-U.06.1C 

18C0 

Strcs<  relieved^-) 

80.3(T) 

— 

i.Cl(T) 

-- 

(3) 

C  ^5Zr-0.053C, 

1800 

RcerysUlhzed(c) 

■J8.o(L) 

13.  8  (L) 

8. 0  (L) 

(3) 

0.05Zr-C.053C 

1800 

Rccrysta  Hired'0) 

-17.  i  (T) 

Io.3(f) 

10.0(1) 

-* 

(3) 

o.03Zr -0.022C 

2400 

Stros  relieved'3) 

Z1.3(L) 

-- 

14.0  (l) 

(3) 

0.05Z:-C.C22C 

2400 

Stress  relieved^3) 

<3.7  (T) 

10.3  (T) 

16.0  (T) 

(3) 

0. 05Zr  -0. 022C 

2400 

Rccrjstallizc'd^) 

13.2  (L) 

10.4  (L) 

29.0(E) 

-- 

(3) 

0.05Z; -0.022C 

2400 

Recrystallizcd^) 

18.2  (T) 

c.;.(T) 

I0.r>(T) 

*■ 

(3) 

G.G5Zr-G.G53C 

2400 

Stress  relieved^3) 

17. 1  (L) 

9.3  ll) 

25.0(1) 

- 

(3) 

0. 05Zi  C.053C 

2400 

Stress  rchcvcdC3) 

17.1(T) 

7.3(T) 

26. 0  (T) 

*- 

(3) 

0.0 '*Zf  *0, G53C 

2  ICO 

Rccr)stallizcd^c) 

l0.9(l) 

6.0(L) 

07.0(1) 

(3) 

(•.'"iZr-o.ovic 

2100 

Rrcrystallizcd^0) 

<T) 

7.3  (T) 

03.0(1) 

(3) 

(.1)  $1:1 relieved  1  l|.  ir  at  2000  F. 
(b)  Rcti}<Mll>zcd  2  hour  at  *2*>50  F. 
(r)  Rccnstaliized  I  how-  at  25CC  t. 
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Temperature,  C 


FIGURE  A- 77.  LOW-TEMPERATURE  TENSILE  PROPERTIES  OF  Mo-0.  05Zr 
BAR  (5/ 8-INCH  DIAMETER)  IN  THE  AS-ROLLED  AND 
STRESS-RELIEVED  CONDITIONSt1  > 

Stress  relieved  1  hour  at  1800  F. 

Analyses  0.054%  7.r  and  0.018%  C. 


Elongation  and  Reduction  <n  Areo,  per  cent 


A-95 


! 

i 

► 


Tirtperoturc,  C 


FIGURE  A- 78.  LOW-TEMPERATURE  TENSILE  PROPERTIES  OF 
RECRYSTALLIZED  Mo-0.05Zr  BAR  (5/8-INCH 
DIAMETER)!1) 

Recrystallized  1  hour  at  2450  F. 


Analyses  0.  054%  Zr  and  0.  018%  C... 


Elongation, per  cent  Yield  Strength, IOOO  psi  Tensile  St'ength,  1000  psi 
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Temperature.  C 


FIGURE 


79 


EFFECT  OF  TEMPERATURE  AND  CONDITION  ON  THE 
TENSILE  PROPERTIES  OF  Mo-0.  05Z z(5) 


Reduction  in  Area ,  per  cent 
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TABLE  A -3..  STRESS-RUPTURE  DATA  FOR  STRESS  RELIEVED  AND  RECRYSTALU2ED 
Mo  C.oaZ:  SHEET  (j.io  INCH)  AT  HOC  fC3) 


Carbon  Content, 
weight  per  c t  m 

Condition 

Stress.  1600  psi.  to  Produce  Rupture 

1  Hour  10  Hours  IOC*  Hours 

v  o22 

Stress  re  Lev  ed  *  hour  at  2000  f 

74.5 

64.  u 

60.0 

Recrjsui.ized  1  bon;  at  .660  F 

30.0 

23.5 

0.053 

Stress  relieved  1  hoji  at  2000  F 

58.0 

45.0 

Recrysta  llxzcd  1  borr  at  2 600  F 

31.5 

20.  £ 

21.5 

TABLE  A  *32.  CREEP  AND  STRESS -RUPTURE  PROPERTIES  OF  AS-ROLLED.  STRESS -RELIEVED.  AND 
RECRYSTALLIZED  Mo-0.  D5Zr  AT  1000  TO  2->00  F<J) 


Condition 

Temperature. 

r 

Stress, 
1000  psi 

Creep  Rate, 
per  cem/hou: 

Rupture  T.me, 
hours 

Elongation, 
per  cent 

Reduction 

in  Area, 
per  cent 

Reference 

Sire*,  vji*  \  .-d 

3  C00 

60.0 

o..; 

3  0.  * 

I-.  S' 

79.0 

o) 

72.0 

0.02i 

376.1 

35.5 

7.^.  5 

(i) 

66.0 

0. 00  ie 

1R-S.  l(b) 

-• 

— 

<>) 

1800 

70.0 

0.-4 

20.  o 

14.0 

7*.  4 

to 

62. 0 

0.05 

3*3.7 

le.o 

70.0 

(i) 

55.0 

C.010 

— 

— 

(i) 

-OOt 

45.0 

0.3 

o  **•  s 

32.3 

63.  •a 

(>) 

20.0 

0. 0037 

405.2 

13.6 

2. 

(V) 

RccnsUllized 

loot 

4C.0 

-- 

'.4 

•Jo,  2 

113.6 

(1) 

33.  C 

0.55 

31. C 

26.  < 

35.0 

(1) 

1K0 

oj.  0 

-- 

0.2 

43.* 

34.6 

()) 

•  5.0 

0. 003 

3  50.7 

26. 1 

SI. ^ 

(1) 

-ooc 

30.0 

-- 

0.2 

56. « 

3o.O 

(1) 

21.5 

o.o*:- 

64.3 

-’•••* 

63.6 

CO 

As  rolled 

-4(r. 

15.C 

0.90 

13.3 

39.  fc 

89.6 

(C> 

H.i* 

0.06 

147.3 

34.2 

16.5 

(fi) 

(a)  Analyse*  6.0543>Zr  and  (•.03?*7»C. 
(n)  Tc:t  dj*contmu.d. 
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TABLE  A-33.  BEND-TEST  DATA  FOR  Mo-O.OSZr  SHEET  (1/16  1NCH)<3) 


Catbon  Content, 
weight  per  cent 

Condition 

Specimen 

Orientation^*), 

degrees 

Temperature,  F,  for 
Indicated  Dcnd  Angle 

10  Degrees  90  Degrees 

Bend  Angle 
at  75  F, 
dcg»ee< 

0.022 

A<  rolled 

0 

>-140 

18 

140 

Stress  relieved 

0 

23 

62 

140 

Re  crystallized 

0 

68 

72 

140 

As  rolled 

90 

-75 

190 

4G 

Stress  relieved 

90 

-59 

-54 

140 

Rccrystallizcd 

90 

8 

22 

140 

0.053 

As  rolled 

0 

-48 

46 

HO 

Stress  relieved 

0 

60 

115 

31 

Rccrysullizcd 

0 

130 

132 

0 

As  rolled 

90 

-28 

330 

49 

Stress  relieved 

90 

43 

85 

65 

Rccrystallized 

90 

120 

142 

0 

(a)  Orientation  of  long  dimension  with  rolling  direction. 


140 
120 
100 
t»  80 

S  60 
S'  40 

■o  20 
0 

o<  140 
c 
< 


ISO 
100 
80 
60 
40 
20 

O' 

-140 


ifll 

■jI 

m 

;  Legend 

— i 

iii 

A  A  No  surface  preparation 

A  0002  in.  removed  by 

IH 

-i- _ 

chemical  milling 

Ml 

m 

0.022  %  C 

■ 

tm 

■N1 

m 

A 

_ 

T 

/ 

Legend  | 

im 

i  A  No  surfoce 

■H! 

mi 

m 

hr—  preparation  — 

■ 

mi 

iip 

by  chemical  milling 

Mi 

Ml 

■r, 

- 

0053%  C  | 

_ 

m\ 

wa 

_ 

mi 

WM 

zd 

-60  20  100  180  260  340  420 

Temperoture,  F  A460?z 


FIGURE  A-80.  EFFECT  OF  TEMPERATURE  AND  AMOUNT  OF  SURFACE 
REMOVED  BY  CHEMICAL  MILLING  ON  THE  BEND 
PROPERTIES  OF  STRESS-RELIEVED  Mo-0.  05Zr 
SHEET  (1/16  INCH)(3> 

Stress  relieved  16  minutes  at  2100  F. 

Specimens  cut  parallel  to  rolling  dire  .tion. 
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4.  Metallurgical  Properties 

a.  Fabricability:  successful  conversion  to  sheet  product  has  been  demonstrated  by 

the  following  schedule  (1)  arc-cast  ingot  machined  into  an 
extrusion  blank;  (2)  extruded;  (J)  extruded  billet  conditioned  and 
recrystallized;  (4)  'orged  or  rolled  to  a  1  to  2-inch-thick  sheet 
bar;  (5)  sheet  bai  conditioned  and  recrystallized,  (6)  rolled  to 
i/4  to  i/8-inch-thick  plate;  (7)  recrystallized;  and  (8)  rolled  to 
1/  16-inch  sheet,  <3> 

b.  Transition  temperature:  -60  to  50  F  for  sheet  (1/16  inch)  material,  depending 

upon  thermal  history,  carbon  content,  and  sheet- 
surface  condition^) 

c.  Weldability:  should  behave  similiar  to  unalloyed  molybdenum;  zirconium  would 

tend  to  improve  welding  characteristics^") 

d.  Stress- relief  temperature:  1/4  to  1  hour  at  2000  *o  2100  F  for  sheet  (1/16  inch) 

material(^) 

e.  Recrystallization  temperature:  1/4  to  1  hour  at  2500  to  2600  F  for  sheet  (1/16 

inch)  mate»)al(3) 

Figures  A-81  and  A-82 


Recrystolhzofion,  per  cent  Recrystollizotion, per  cent 


A- 1 00 


A-45984 


FIGURE  A-81.  RECRYSTALLIZATION  BEHAVIOR  AS  A  FUNCTION  OF  TIME  AND 
TEMPERATURE  FOR  Mo-0.  03Zr  BARS  ROLLED  TO  INDICATED 
REDUCTIONS^} 


Analysis  0.059%  Zr  and  0.010%  C. 


^ecrystallizotion, per  cent  Recrystalhzotion,  per  cent 
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2700  2900  3100  3300  2700  2900  3100  3300 


Temperature,  F 


Temperature,  F 


A-46025 


b.  Rolled  at  3000  F 


FIGURE  A-81 


(CONTINUED) 


Recrystal  lization,  per  cent  Recrysrollizotion,  per  cent  Recrysfal  lization,  per  cent 
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FIGURE 


Temperature,  F 


Temperature,  F 


Temperature,  F  a«6073 


A-82.  RECRYSTALLIZATION  BEHAVIOR  AS  A  FUNCTION  OF 
TEMPERATURE  AND  EXTERNALLY  APPLIED  STRESS 
FOR  Mo-0.  05Zr  BARS(8) 

Annealed  for  10-minute  periods. 

Subjected  to  indicated  reduction  at  2200  F . 

Analyses  0.059%  Zr  and  0.010%  C. 
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Mo-  0.  5Z  r 

1.  Identification  of  Material 

a.  Chemical  composition:  Mo-0.  5Zr 

b.  Forms  available:  ingot  and  fabricated  shapes  on  a  best  efforts  basis 

2.  Physical  Properties 

a.  Melting  point:-  ~  4730  F  (essentially  the  same  as  that  for  unalloyed 

molybdenum) 

b.  Density:-  0.  368  lb/in.  3  (calculated) 

3.  Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:  Table  A-34 
Tensile  yield  strength:  Table  A-34 
Elongation:  Table  A-34 
Reduction  in  area;  Table  A-34 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Tables  A-35  through  A-37 

Figures  A-83  and  .A-84 

1  usile  yield  strength:  Tables  A-35  through  A-37 
Figures  A-83  and  A-84 

Elongation:  Tables  A-35  through  A-37 
Figures  A-83  and  A-84 

Reduction  in  area:  Table  A-36 

Figures  A-83  and  A-84 

c.  Notched  Tensile  Properties 

Table  A- 3  8 

d.  Creep  and  Stress-Rupture  Properties 


Tables  A-39  and  A-40 
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Oth(*r  Selected  Mechanical  Properties 

Bend  ductility:  Table  A-41 

Shear  strength:  for  sheet  material^) 

Room  Temperature  2500  F 

Stress,  Per  Cent  of  Stress,  Per  Cent  of 

1000  psi  TS  1000  psi  TS 

80.5  74.  5  23.4  60.5 

74. 4  69.  0  25.  0  64. 6 


Composition 

Tensile 

Yield 

Reduction 

(9a lance  Molybdenum), 

Strength, 

Strength, 

Elongation, 

in  Area. 

weigh*  pes  cent 

Coodition 

1000  psi 

10  -■  psi 

per  cert 

per  cent 

Rod  (1/2 -loch  Diaroctcrp-) 


0.  192r-0.22C 

As  rolled 

125. 3 

95.4 

21 

3o 

0.4921-0.  022C 

Stress  rebevet 

116,7 

60.6 

23 

55.d 

0.  S22r-0.39C 

Stress  relieved 

120.8 

102.3 

21 

38.0 

0.4921-0.0230 

Recry  stalli  zed 

85.0 

^3.4 

49 

50.1 

Sheer  (0.  046  Inch),  Streu  relieved  1  Hour  at  2200  ff-) 

0.492I-0.014C 

SR  60^  stress  .eheved 

104  (L) 

84  (L) 

8.6  (L) 

_ 

0.492i-0.  014C 

SP.  £0%  stress  relieved 

110.8  (T) 

94  (T) 

11  (T) 

— 

0.492t-0.  0140 

CR  60^  stress  relieved 

98.2  (L) 

*?".9  (L) 

8.8  (L) 

_ 

0.492T-C.  0140 

CR  oO'Sv  stress  relieved 

104.8  (T) 

83.5  (T) 

10.5  (T) 

— 

0.492T-0.  0140 

SR  75!*  stress  relieved 

113(1) 

91.  1  (L) 

18.  3  (L) 

C.492I-C.014O 

SR  75^  stress  relieved 

US  (T) 

99.6(7) 

8.2  (T) 

— 

0.492:-0,014C 

CR  76<5*  stress  relieved 

109(1) 

89  (L) 

12.  3  (L) 

_ 

0.49Zr-0.  0140 

CR  75!*  stress  relieved 

110(T) 

94.  7  (T) 

11.3(7) 

~ 

0.  492r-0.  0140 

SR  90!*  stress  rebeved 

196  (1) 

94  (L) 

14.  3  (L) 

0.49Zr-0.014C 

SR  90^  stress  relieved 

12 1.  8  (T) 

105.1  (T) 

8.6  (T) 

— 

0.49Z:-0.014C 

SR  9P£v  stress  rebeved 

105. 1(45  deg) 

88. 8(45  deg) 

24.3(45  deg) 

v.49Zi-0.014C 

CR  90“^  stress  relieved 

120. 1  (L) 

%  (l) 

14.  3  (L) 

__ 

0.49Z, -0.0140 

CR  90!*  stress  rebeved 

116.2  (T) 

103.  7  (T) 

1.5{T) 

— 
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TABLE  A-3S. 

LOW -TEMPERATURE  TENSILE  PROPERTIES  OF  ANNEALED  Mo- 
(0.040  1NCH)(-‘X3) 

■O.SZr  SHEET 

Teiuile 

Yield  Stieneth 

Elongation 

Temperature, 

Strength, 

(0.2%  Offset). 

in  3/4  Inch, 

F 

1 000  p$i 

1000  psi 

per  cent 

RT 

108.3 

$3.0 

15.8 

108.3 

64. 2 

16.4 

32 

llb.2 

91.3 

13.4 

114.4 

91. 1 

15. 1 

u 

IIY.S 

98.4 

o.O 

1M.0 

100.0 

5. 5 

-40 

1'3.0 

103.2 

3.5 

107.0 

:os.i 

1.4 

(a)  Annealed  1  hour  at  WOO  f*.  Nonrnal  carbon  toment  0.04  pc:  tent. 
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TABLE  A*36.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF  Mo-0.5Zr  RCO  AND  SHEET 


Composition 
(BtUoce  Molybdenum), 
weight  per  cent 

Temperature, 

F 

Condition 

Tensile 

Strength, 

1000  p«i 

Yield 

Strength,  Elongation, 

1000  psl  percent 

Reduction 

In  Area, 
per  cent 

Reference 

Rod  (1/2- 

nch  Diameter) 

0. 19Zr-0,22C 

-60 

Stress  relieved 

129*9 

110.0 

3 

3.2 

(4) 

0.19Zr-0.22C 

-10 

Recry  ttalhzed 

73.7 

55.2 

4 

3.0 

(♦) 

0. 19Zi-0.?.2C 

0 

Stress  relieved 

123.7 

92.8 

29 

44 

(4) 

Q.19Zr-0.22C 

9 

RecrystalUzed 

78.0 

49.3 

5 

4 

(4) 

0.49Zr*0.022C 

1600 

Stress  relieved 

72.7 

62.8 

10 

34.3 

(1) 

0.  52Zf*0.30C 

1800 

Stress  relieved 

77.5 

•• 

18 

38.2 

(1) 

0. 49Zr-0. 022C 

1800 

RecrystalUzed 

47.0 

40 

88 

(1) 

0.49Zr-0.022C 

0000 

As  rolled 

80.0 

68.3 

13 

82 

(4) 

0.49Zr-0. 022C 

2400 

Stress  relieved 

26,6 

24.  A 

27 

24.6 

(4) 

0.  52Zr-0. 30C 

2400 

Stress  relieved 

46.3 

32.5 

19 

60 

(4) 

0.49Zr-0.022C 

2400 

RecrystalUzed 

23.0 

10.9 

61 

93.2 

(4) 

Sheet  10. 045  Inch).  Siren  Relieved  1  Hour  at  2200  F 

0. 49Zr-0. 014C 

2000 

SR  60* 

57.2  (L) 

54.1  (L) 

2.5(L) 

.. 

(2) 

0.49Zt-0.014C 

2000 

SR  60* 

57.1  (T) 

55.6  (T) 

2.4  (T) 

(2) 

0, 49Zr*0, 014C 

2000 

CR60* 

55.8(1) 

49.  0  (L) 

3. 6  (L) 

(2) 

0.49Zr-0, 014C 

2000 

CR  60* 

61.8  (T) 

59.8  (T) 

5. 7  (T) 

(2) 

0.49Zr*0. 014C 

2000 

SR  75* 

63.3  (L) 

56.5  (L) 

3.7(0 

.. 

(2) 

0.49Zr-0,  014C 

2000 

SR  75* 

73.5  (T) 

54.2  (T) 

1.5  (T) 

— 

(2) 

0.49Zr-9.014C 

2000 

CR  75* 

64.5  (L) 

55.2  (L) 

4.7(0 

.. 

(2) 

0.49ZI-0.014C 

2000 

CR  75* 

69.4  (T) 

55.2  (T) 

7.5{T) 

(2) 

0.49Zi-0.014C 

2000 

SR  90* 

68.5  (L) 

64.5  (t) 

7.1(0 

(2) 

0.49ZI-0.014C 

2000 

SR  90* 

65.4  (T) 

62.6  (T) 

7.1(1) 

— 

(2) 

0.49Zr-0.014C 

2000 

SR  90* 

64. 0(15  dc#  63. 6(45  deg) 

7. 1(45  deg)  - 

<2) 

0.49Zr-0.  014C 

2000 

CR  90* 

71.5(1) 

66. 3  (L) 

\»<l> 

.. 

(2) 

0.49Zf-0.014C 

2000 

CR  90* 

68.8  (T) 

63.6  (T) 

0.0  (T) 

— 

(2) 

0, 49Zr*0. 014C 

2200 

SR  60* 

40.5  (L) 

36. 8  (L) 

3. 1  (O 

(2) 

0. 49Zr-0. 014C 

2200 

SR  60* 

49. 9  (T) 

47. 1  (T> 

3.8(T) 

— 

(2) 

0.49Zr-0.014C 

2200 

CR  60* 

45. 5  (L) 

35.1(1) 

7.2  (0 

(2) 

0.49ZI-0.014C 

2200 

CR  60* 

49. 1  (T) 

41. 1  (T) 

4.3  (T) 

- 

(2) 

0.49Zr-0.014C 

2200 

SR  75* 

47.0(1) 

40.6(1) 

6.3(0 

(2) 

0.49Zr-0.014C 

2200 

SR  75* 

54. 7 (T) 

61.4  (T) 

4. 5  (T) 

- 

(2) 

0.49Zr-0. 014C 

2200 

CR  75* 

50.0  (L) 

42. 1  (U 

3.7(L) 

(2) 

0,49Zr-0,014C 

2200 

CR  75* 

54.9  (T) 

45.5  (T) 

6.2  (T) 

•• 

C2) 

0.49Zr-0. 014C 

2200 

SR  90* 

44.5(1) 

38. 1  (L) 

5.  9  (0 

(2) 

0. 49Zr*0.  014C 

2200 

SR  90* 

45. 7 (T) 

56. 1  (T) 

5. 4  (T) 

.. 

(2) 

0  49Zr-0. 014C 

2200 

SR  90* 

42. 1(15 deg  35. 3(45  deg) 

7.  l(45deg(  - 

(2) 

0. 49Zr-0,  014C 

2200 

CR  90* 

47. 9  (L) 

41.8  (L) 

7. 1  (L) 

(2) 

O.49Zr-0. 014C 

2200 

CR  90* 

44.8  (T) 

4».3(T) 

5. 0  (T) 

- 

(2) 
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TAkLE  Wi.  effect  of  temperature  on  the  tensiue  properties  of  stress -reuevep 

Mi-O.SZi  SHEET  (0.640  INCH)<a><3) 


Temperature. 

F 

Tensile 

Strength, 

1000  psi 

Yield 

Strength 
(0.2<fr  Offset), 

1000  psi 

Elongation  in 
3/4  Inch, 
per  cent 

RT 

105.4 

86.1 

16.3 

108.6 

88.9 

18.6 

110.2 

oo.  7 

l6.J' 

1O00 

74.2 

68.8 

7.5 

14.9 

69.8 

6.2 

74.6 

o3. 8 

— 

2200 

44.6 

40.1 

9.5 

46.6 

40.7 

10.6 

46.8 

42.1 

10.0 

2500 

40.3 

36.8 

11.3 

37.0 

31.2 

16.2 

(a)  Stress  relieved  1  hour  at  2200  F.  Test  utc  0.005  inch  per  inch  per  minute  to  yield,  then 
0.03  inch  per  inch  per  minute  to  fracture.  Nomina!  carbon  content  0. 04  per  cent. 


Elongation  and  Reduction  in_Area,per  cent 
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FIGURE  A-83.  LOW- TEMPERATURE  TENSILE  PROPERTIES  OF 
STRESS-RELIEVED  AND  RECRYSTALLIZED 
Mo-0.  5Zr  BAR  (1/Z-INCH  DIAMETER)'4) 


Analyses.  0.47%  Zr  and  0.022%  C. 


JO 


Temperature,  C 

TOO 


1200 


1300 


FIGURE  A-<'4 .  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  Mo-0.  5Zr(>) 
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TABLE  A* 38.  ROOM-TEMPERATURE  NOTCHED  TENSILE  PROPERTIES  OF  STRESS-RELIEVED 
Mo-P.  52:  SHEET  (0. 043  lNCH)(a>(3> 


Notch 

Radius. 

men 

Notch 

Width, 

.•:C! 

Kt 

Notched 

Tensile 

Strength, 
lOuO  psi 

Elongation  in 

3/4  Inch, 
per  cent 

Notched 

1  ensile/ 
Unnotched 

Tensile 
Strength  Ratio 

0.  012 

0.427 

4.4 

122.0 

2.0 

1. 14 

118.3 

1.5 

1.09 

0.  004 

0.418 

7.0 

118. 0 

2.5 

1.07 

Ho.8 

2.0 

1.07 

(a)  Stress  relieved  1  hour  at  2200  F.  Test  rate  O.OOS  inch  pet  inch  per  minute  to  yielding,  then  0.03  inch  per  inch  per  minute 
to  fracture.  Nominal  carbon  content  0.04  pet  tent. 


TABLE  A-39.  CREEP  AND  STRESS -RUPTURE  PROPERTIES  Of  STRESS -RELIEVED  AND  RECRYSTALUZED 
Mo-O.SZr  AT  1800  AND  2400  F(a>(4) 


Condition 

Temperature, 

F 

Stress, 
1000  psi 

Creep  Rate, 
per  cent/hour 

Rupture 

Time, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Stress  telieved 

1800 

70.0 

-- 

0 

8.3 

24.9 

60.0 

0. 085 

53.8 

20.0 

84.9 

2400 

20.0 

— 

0 

5.2 

15.3 

15.0 

1.10 

3.1 

5.9 

10.8 

Rccrystailized 

1800 

40.0 

5.00 

3  1 

39.2 

99.4 

35.0 

0.41 

42.2 

28.2 

80.6 

2400 

12.5 

•- 

37.6 

-- 

— 

10.0 

0.  12 

37.3 

14.8 

23. 0 

(a)  Analyses  0.40%  Zr  and  0.022*?*  C. 


TABLE  A-40.  STRESS-RUPTURE  PROPERTIES  OF  STRESS-RELIEVED  Mo-O.SZr  SilEET 
(0. 040  INCH)  AT  2200  AND  2500  F(aX3) 


Temperature, 

F 

Stress, 

1000  psi 

Time  to 

Rupture, 

hours 

Elongation, 

percent 

2200 

37.0 

1.64 

12 

32.0 

19.2 

15 

30.0 

7.4 

16 

30.0 

8.6 

6 

2600 

16.5 

15.5 

32 

12.0 

65.6 

36 

(a)  Siren  relieved  1  hour  at  2200  F.  Nominal  carbon  content  0.  W  per  cent. 
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TABLE  A-41.  ROOM-TEMPERATURE  BEND  DATA  FOP  Mo-n.  5Zr  SHEETS) 


rabnrmon  Data 

Number  of 

Results  of  105-Deg 

Reduction, 

Test 

Specimens 

Bend 

V  -Block  Bend 

Method  per  cent 

Direction 

Tested 

Radius,  T 

Passed  Failed  (Cracked) 

Vapor  Blasted  and  Elect rogohshed  to  Remove  1/2  Mil  per  Side 


Straight  rolled 

90 

Longitudinal 

4 

2 

2 

2 

Straight  roiled 

30 

t  ransverse 

4 

2 

u 

4 

Cioss  rolled 

90 

Longitudinal 

4 

2 

1 

3 

Cross  rolled 

90 

Transverse 

3 

2 

3 

0 

Straight  rolled 

75 

Longitudinal 

3 

2 

0 

3 

Straight  rolled 

75 

Transverse 

4 

2 

1 

3 

Cross  rolled 

75 

Longitudinal 

2 

2 

0 

2 

Cross  'oiled 

75 

Transverse 

3 

2 

0 

3 

Straight  rolled 

60 

Longitudinal 

2 

2 

1 

1 

Straight  rolled 

60 

Transverse 

2 

2 

2 

0 

Cross  rolled 

60 

Longitudinal 

2 

2 

2 

0 

Cross  rolled 

60  Transverse 

Annealed  2200  F  1  Hour;  Virgo  Pickled 

1-1/2 

l  0 

Minttes  to  Remove  4  to  5  Mils  per  Side 

2 

Straight  'oiled 

90 

Transverse 

3 

2-1/2 

3 

0 

Straight  rolled 

90 

Transverse 

l 

1-1/2 

0 

i< 

(a)  Craclcd  ar  bonom  of  stroke. 
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4.  Metallurgical  Properties 

a.  Fabncability:-  the  following  schedule  has  been  successfully  used  to  convert 

ingot  to  sheet:  (1)  extrude  at  2850  F,  (2)  forge  extruded  sheet 
bar  at  2800  to  3000  F,  (3)  breakdown  rolling  of  forged  bar  at 
2400  to  2600  F,  (4)  roll  to  plate  sizes  at  2200  to  2400  F,  and 
(5)  sheet  rolling  at  2250  F^) 

b.  Transition  temperature:-  -60  to  -20  F  for  bar  (1/2-inch  diameter)  material^); 

<-40  F  for  sheet  (0.  040  inch)  material^) 

c.  Stress- relief  temperature:  1  hour  at  2200  F(3>4) 

d.  Recrystallization  temperature:-  effect  of  annealing  temperature  on  recrystalliza- 

tion  and  hardness  of  sheet  material^) 


1-Hour  Annealing 

Temperature,  Recrystallizntion,  Hardness, 

_ F _  per  cent  VHN 

As  received^  0  273 

2400  0  281 

2500  0  294 

2600  95  1B8 

2700  100  182 

(a)  Stress  relieved  1  hour  at  2200  F . 


Figure  A-85 


Recrystcilizotion,  per  cent 
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I  -  Hour  Annealing  Temperoture  ,  C 


1300  1400  1500  1600 


FIGURE  A-85.  EFFECT  OF  ANNEALING  TEMPERATURE  ON  THE 
RECRYSTALLIZATION  BEHAVIOR  OF  Mo-0.  5  Zr<4) 
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Mo-0. 5Ti 

1.  Identification  of  Material 

a.  Designation:  many,  depending  upon  individual  supplier 

b.  Chemical  composition:  Tables  A-42  and  A-43 

c.  Forms  available:  billets,  forgings,  strip,  sheet,  foil,  plate,  bar,  rod,  and 

wireU“4) 
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TABLE  A-42. 

CHEMICAL  REQUIREMENTS  FOR  Mo-0. 5T»  PRODUCTS 
AS  PRODUCED  BY  ARC-CASTING  TECHNIQUES*3*1-*) 

Element 

Content,  Maximum,  weight  per  cent 

C 

0.010-0.040 

0 

0.0030 

N 

0.0010 

Fe 

C.  C2C 

Ni 

0.010 

St 

0.010 

Ti 

0.40-0.55 

Mo 

99.35  nun 

(a)  For  forging*,  billets  for  reforging,  strip.  sheet,  foil,  plate,  bar,  rod, 
and  wire. 


TABLE  A-43  REPRESENTATIVE  ANALYSES  Of  Mo-0.  STi  AS  PRODUCED  BY  VARIOUS  SUPPLIERS 


Element  Climax  W  5. 6) 


—  Content.  Maximum,  weight  percent 

Arc  Cast _ _ 

Universal  Cyclopr(b)(7-10) 


Povder  Metallurgy 
Sylvama(c)Ql) 


A1 

- 

0.002 

c 

0  01-0. 04 

0.01-0.040 

Cl 

— 

0.002 

Co 

— 

0.002 

Cf 

— 

0.004 

Cu 

— 

0.002 

Fe 

0,010 

0.010 

H 

0.0005 

0.001 

K 

— 

0.001 

Pb 

— 

0.002 

«8 

— 

0.002 

Mn 

— 

0.002 

Mo 

99.35  min 

99.34  min 

Na 

— 

0.001 

N 

0.002 

O.OOi 

St 

0.002 

0.002 

O 

0.0025 

0.003 

Si 

0.008 

0.020 

Sn 

— 

0.  004 

Ti 

0.40-0.55 

0.40-0.550 

W 

— 

0.002 

Zt 

— 

0.002 

(a)  For  forging  billets  and  wrought  bars. 

(b)  For  billets,  bar,  plate,  and  sheet. 

(c)  Foe  billets. 


0.00*0 
0. 02-0.04 
0.0010 

0.0050 
0.0010 
0.0050 
<o.coi  o  typ 


o.oojo 
0.0010 
0.0010 
99,3$  nin 


0.  0050  typ 
0.0050 
0.  0100  tyo 
0. 0050 
0.0050 
0.45-0.55 


Physical  Properties 

a.  Melting  point:  ~4730  F  {essentially  the  same  as  that  for  unalloyed  molybdenum) 

b.  Density:  0.367  lb/ in.  ^  (calculated) 

c.  Thermal  expansion:  Table  A -44 

d.  Thermal  conductivity:  Table  A-45 
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TABLE  A-44.  MEAN  LINEAR  THEBMAL-EXPANSION  COEFFICIENT 
OF  Mo-0.5Tl(12) 


Temperature  Range, 

F 

Mean  Coefficient  of 
Thermal  Expansion,  10“®/F 

63-212 

3.05 

63-392 

3.06 

63-572 

3.09 

63-752 

3. 14 

63-932 

3. 19 

68-1112 

3.24 

63-1292 

3.28 

68-1472 

3.32 

63-1662 

3.36 

68-1832 

3.41 

TABLE  A--J5.  INTERPOLATED  1HERMAL-COND''-  !' 
FOR  Mo-0.5Ti(12) 


Temperature,  F 


Tb 


68 

212 

392 

572 

752 

. 

932 

c7 

2112 

63.57 

1292 

63.57 

1472 

62. 99 

1652 

62.41 
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Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:  Tables  A-46  through  A- 53 

Figures  A-86  and  A-87 

Tensile  yield  strength:  Tables  A-46  through  A-53 
Figure  A-87 

Elongation:  Tables  A-46  through  A-53 
Figures  A-86  and  A-87 

Reduction  in  area:  Table  A-53 
Figure  A-86 

Modulus  of  elasticity:  46  x  10^  psi^-^J 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Tables  A-54  through  A- 

Figures  A-88  through  A- 94 

Tensile  yield  strength:  Tables  A-54  through  A.-56 

Figures  A-88  and  A-89  and  A- 91  through  A- 94 

Elongation:  Tables  A-54  through  A-56 

Figures  A-88  through  A-91  and  A-94 

Reduction  in  area:  Table  A-54 

Figures  A-88  through  A-90 

Modulus  of  elasticity:  Tables  A-54  and  A-57 

c.  Notched  Tensile  Properties 

Figures  A-95  through  A- 103 

d.  Creep  and  Stress -Rupture  Properties 

Tables  A-58  through  A-63 
Figures  A-104  through  A-106 

e.  Other  Selected  Mechanical  Properties 

Hardness:  Table  A-64 

Figure  A- 107 

Bend  ductility;  Tables  A-65  and  A-66 
Figure  A-108 

Compressive  strength:  Tables  A-67  and  A-68 
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Shear  strength: 


data  at  room  temperature  and  1600 
for  fastener  matenal(59) 


F  have  been  determined 


Type 

Fastener 

Diameter, 

inch 

Shear  Strength, 
1000  psi 

RT 

1600  F 

Cr  coated  rivet 

0.  136 

57.  5 

50.  0 

58.0 

49.0 

Table  A-69 

Fatigue  strength:  Figure  A- 109 
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TABLE  A-4G.  TENSILE-PROPERTY  REQUIREMENTS  FOR  ARC-CAST  Mo-0.5Ti  ROUND  RODSMW 


Minimum  Yield  Minimum 

Minimum  Tensile  Strength  (O.E'fr  Elongation  in  1 

Condition  Diameter,  inches  Strength,  1000  psi  Offset),  1000  psi  Inch,  per  cent 
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TABLE  A-48.  TYPICAL  BOOM-TEMPERATURE  TENSILE  DATA  FOR  ARC-CAST  STRESS -RELIEVED  Mo-0.5Ti  ROUND 
BAR  PRODUCED  BY  CLIMAX(»X13> 


Diameter,  inches 

Average  Tensile 
Strength,  1000  psi 

Average  Yield  Strength 
(0.2$;  Offset),  1000  psi 

Average  Elongation  in 
1  Inch,  per  cent 

1/2 

110 

106 

29 

5/8 

116 

116 

26 

3/4 

US 

102 

25 

1/8 

123 

103 

28 

1 

116 

97 

23 

1-1/8 

109 

95 

15 

1-1/2 

103 

91 

20 

2 

36 

34 

20 

2-1/4 

32 

80 

15 

2-3/8 

92 

82 

15 

2-1/2 

90 

80 

9 

3 

89 

79 

15 

(a)  Cold  Water  Production  Facility.  All  data  from  6-inch-diameter  arc-cast  ingots  covering 
relieved  1/4  to  1-1/2  hours  at  2000  to  2150  F.  Test  rate  0. 002  inch  per  inch  per  minute 
0. 05  inch  per  inch  per  minute  to  fracture. 


a  3-year  petiod.  Material  stress 
in  the  elastic  range,  then 


A-127 


TABLE  A  4&.  ROOM  -TEMPERATURE  TENSILE  PROPERTIES  OF  UNIVERSAL  CT CLOTS 
ARC-CAST  Mo-0,  STi  FUTE  AND  SHEET  PRODUCTSlWt  ».!<>) 


Pn>t*ny 


M  Ini  mom  Tgrfical 


Plate,  Over  3/16  loch  to  1/2  inch 


Tent  lie  Strength,  J000  ptl  100  !S0 

Yield  Strength  (0. 2%  Office),  1000  ptl  90  100 

Elongation  in  2  Inchet,  per  cenl  4  8 

Plat e,  Over  1/2  Inch  to  1-1/2  Inehn 

T entile  Suengih,  1000  ptl  96  106 

Tleld  strength  (0.2*Offtcl).  1000  pel  8F  96 

Elongillon  in  2  Inchet,  per  cent  3  * 

Sheet,  0.020  Inch  end  Under 

Tent  lie  Suengih,  1000  ptl  110  125 

Yield  Suengih  (O.tfrOtbcii,  1000  ptl  100  116 

Elongation  la  2  Indict,  per  ccm  6  8 

Sheet,  Over  0. 020  Inch 

T entile  Strength,  1000  ptl  106  130 

Yield  Strength  (0.21k  Offtet),  l**0O  ptl  96  120 

Elongation  In  2  lochet,  per  cent _ 8 _ 10 


(a)  Tett  rate  0.05  Inch  per  Inch  per  minute  crouhead  tpeed. 


TABU  A-S9.  ROOM -TEMPERATURE  TENSILE  PROPERTIES  OF  SYLVAN IA  POWDER  METALLURGY 
Mo-0, 6TI  SHEET  (0.040  1NCH/00 


Te.elle  Suengih, 

Yield  Strength 

Condition 

1000  pel 

(0.2f>  Offtet),  1000  pel 

Elongation,  per  ccor 

At  rolled 

ISO 

140 

RccryttalliicJ 

so 

#7 

32 
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TABLE  A-Sl .  STATISTICAL  EVALUATION  OF  THE  ROOM-TEMPER*. TURE  TENSILE  PROPERTIES  OF 
ARC-CAST  Mo-0.  STi  SHEET  SUPPLIED  BY  UNIVERSAL  CYCLOPS^X14) 


Gage. 

inch 

No.  of 
Sheets 

No.  of 
Specimens 
n 

Arithmetic 

i.  Gram 

Direction  x  -  — 

1 

Standard 

Deviation, 

a 

X 

Deviation  From  the  Mean 

Property  Indicated 

io  (b>  X  1  2o(c)  X  i  3<r(d) 

Tensile  Strength 

,  1000  psi 

0.012 

43 

43 

Long. 

129.1 

7.6 

121. 

,  5- 136.6 

113.9-144.2 

106,4 

-151.7 

85 

Trans. 

139.0 

8.8 

130, 

,2-147.8 

121.4-  J5b.G 

112.6 

-165.4 

0. 020 

18 

18 

Long. 

127,9 

2,4 

125. 

5-130.3 

123.  1-132.7 

120.7 

-135.  1 

36 

Trans. 

132.7 

4.4 

128. 

3-137.1 

123.9-141.5 

119.5 

-145.9 

0.030 

30 

30 

Long. 

135.4 

5.4 

130. 

0-140.8 

124,6-146.2 

119.2 

-151.6 

GO 

Trans. 

142.1 

6.1 

136. 

0-148.2 

129,9-154.3 

123.8 

-160.4 

0.040 

U 

n 

Long. 

129.7 

2.6 

127. 

1-132.3 

124.5-134.9 

121,9 

-137.3 

22 

Trans. 

136.5 

3.7 

132. 

8-140.2 

129,1-143.9 

125.4 

-147.6 

0.050 

21 

°1 

Long. 

132.1 

3.4 

128. 

7-135.5 

125.3-138,9 

121.9 

-142.3 

39 

Trans. 

129.0 

3.7 

135. 

3-142.7 

131.6-146.4 

127.9 

-150.  1 

Yield  Strength  (0. 2%  Offscr).  1000  nsi 

o  mo 

114.4 

UHlg. 

8.0 

106. 

4-122.4 

98.4-130.4 

90.4- 

■138.4 

85 

Trans. 

124.8 

9.6 

115.: 

2-134,9 

105.6-144.0 

96.0-153.6 

0.020 

18 

IB 

Long. 

113.8 

2.8 

111.1 

0-116.6 

103.2  119.4 

105.4- 

■122.2 

36 

Trans. 

121.0 

5.0 

116.; 

5-126,0 

lll.O- 131.0 

106. 0- 

136.0 

0.G3G 

30 

30 

Long. 

119.3 

6.0 

113.; 

1  125.3 

107.3-131.3 

101.3- 

137.3 

GO 

Trans. 

127,3 

5.5 

122.  < 

1-133.2 

117,0-138.6 

111,6- 

144.0 

0.040 

11 

11 

Long. 

110.3 

1.6 

114.' 

1-118.3 

112.9-120.1 

111.1- 

121.9 

77 

Trans. 

124.9 

2.5 

122.4 

1-127.4 

119.9-129  9 

117.4- 

132.4 

0.050 

21 

21 

Long. 

117.2 

4.9 

112.2 

1-122. 1 

107.4-127.0 

102.5- 

131.9 

•jj 

Trans. 

127.9 

4.8 

123.  1 

-  U2,7 

118.3-137.5 

113.5- 

142.3 

Elongation  in  2  Inches,  net  cent 

0. 03" 

4> 

43 

Long, 

10.6 

o  7 

7.9 

1-13.3 

5,2-16,0 

3.5- 

18,7 

Trans. 

6.9 

2.  J 

4.6 

-y.2 

2.3-11.5 

0.0-: 

13,8 

0. 020 

IS 

13 

Long. 

15.2 

1.9 

13.  3 

-17.1 

11.4-19.0 

9.5-20.9 

36 

Trans, 

ll.C 

2.2 

9.4 

-13.8 

7.2-16.0 

5.0-: 

18.2 

0.030 

30 

30 

Long. 

13.0 

2.< 

10.7 

-15.3 

8.4-17,6 

6. 1-19.9 

60 

Trans, 

19.2 

2.5 

*»  7, 

-12.7 

5.2-15.2 

2.7-17.7 

0.040 

11 

1 1 

<2p 

Ix^ng. 

Trans. 

16.  J 

11.6 

1.3 

1.4 

14.8- 

10.2 

-17.4 

1  i.O 

13.5-18.7 

8.8-14.4 

12,2-20.0 

7.  4- 1,5. 8 

O.  050 

'‘l 

2 1 

Long. 

16.2 

1.5 

14.7- 

-17.7 

13.2-19.2 

11.7-20.7 

Trans. 

11.5 

1.5 

10.0- 

•12.0 

8.5-14.5 

7.0-16.0 

Footnotes  appear  on  tlie  following  page. 
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Footnotes  for  Table  A-Sl: 

(a)  Test  rate  0.005  t  0.002  inch  per  inch  per  minute  to  0.6  per  cent  offset,  then  C.  1  ±  G.C2  such  per  u.ui  per  minute  to 
fracture.  Chemical  unal>scs  0.31-0.50%  Ti,  0. 01 1-0. 035%  C  (70ft  were  be  Ion  0.025%  O.  0.0004%Hmax,  and 
0. 00 i  1%  N,  The  following  definitions  apply: 

n  *  The  number  of  specimens  tested 

x  =  The  tensile  strength,  >ield  strength,  or  elongation  of  each  specimen  tested 
=  one  standard  deviation. 

(b)  The  tensile  strength,  yield  strength,  or  elongation  of  68  per  cent  of  the  specimens  tested  lies  within  thw  range  of 
ua, 

(c)  The  tensile  strength,  yield  strength,  or  elongation  of  95  per  cent  of  the  specimens  tested  lies  within  the  range  of 
x  i  2o , 

(d)  The  tensile  strength,  yield  strength,  or  elongation  of  99.7  per  cent  of  the  specimens  tested  lies  within  the  range  ol 
x  i  3o. 
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TABLE  A-52.  STATISTICAL  EVALUATION  OF  THE  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF 
ARC-CAST  Mo-0. 5Ti  SHEET  SUPPLIED  BY  FANSTEEL(JX14) 


Gage. 

inch 

No.  of 

Sheen 

No.  of 
Specimen!, 
n 

Grain 

Direction 

Arithmetic 

Mean, 

-  lx 

x  -  TT 

Standard 

Deviation, 

o 

Deviation  From  the  Mean 

Property  Indicated 

XI 

H- 

Q 

x  t  2o(c) 

x  ,  3<;(d) 

Tensile  Strength.  1000  psi 

0.012 

42 

42 

Long. 

109.1 

21.0 

88.1-130.1 

67.1-151.1 

46.1-172.1 

84 

Trim. 

119.4 

26.5 

92.9-145.9 

66.4-172.4 

39.9-198.9 

0.020 

6 

6 

Long. 

143.2 

3.8 

139.4-147.0 

13S.6-150.B 

131.8-154.6 

12 

Tram. 

155.4 

5.6 

149.8-161.0 

144.2-166.6 

138.6-172.2 

0.030 

21 

21 

Long. 

128.1 

5.1 

123.0-133.2 

117.9-138.3 

112.8-143.4 

42 

Trim. 

140.8 

3.8 

137.0-144.6 

133.2-148.4 

123.4-152.2 

0.040 

1? 

17 

Long. 

129.3 

1.1 

1-3.2-130.4 

127. 1-131.5 

126. 0-132.6 

34 

Trans. 

127.8 

3.5 

135.9-140.5 

133.6-142.8 

131.3-145.1 

0.060 

13 

13 

Long. 

130.7 

4.8 

125.9-135.5 

121.  1-140.3 

116.3-145.1 

26 

Trans. 

138.8 

5.1 

133.7-  43.9 

128.6-149.0 

123.5-154.1 

Yield  Strength  (0.2%  Offset),  1000  psi 

0.012 

42 

42 

Long. 

84.2 

24.4 

59,8-108.6 

35.3-133.0 

10.9-157.5 

84 

Tuns. 

OS.  9 

31.6 

67.5-130.3 

36.  1-193.1 

4.7-224.5 

0.020 

6 

6 

Long. 

126.2 

4.1 

122.1-130.3 

118.0-134.4 

113.9-138.5 

12 

Trim. 

141.9 

6.3 

135.6-148.2 

129.3-154.5 

123. 0-160.8 

0.030 

21 

21 

Long. 

117.1 

10.3 

106.8-127.4 

96.5-137.7 

86.2-148.0 

42 

Trans. 

132.1 

5.0 

127.1-137.1 

122. 1-142. I 

li7. 1-147. 1 

0.040 

17 

17 

Long. 

114.3 

2.2 

112.1-116.5 

109.9-118.7 

107.7-120.9 

34 

Trans. 

127.8 

3.5 

124.3-131.3 

120.8-134.8 

117.3-138.3 

0.050 

13 

13 

Long. 

113.6 

6.1 

107.5-119.7 

101.4-125.8 

95.3-131.9 

26 

Trans. 

125.8 

5.3 

120.5-131.1 

115.2-136.4 

109.9-141.7 

Elongation  in  2  Inches,  per  cent 

0.012 

4C 

42 

Long. 

15.9 

6.7 

9.2-22.6 

2.0-29.3 

0.0-36.0 

84 

Trans. 

14.3 

7.8 

6.5-22.1 

0. 0-29.9 

0.  0-37.7 

0.02C 

6 

6 

Long. 

11.6 

1.5 

10.1-13.1 

8.6-14.6 

7, 1-16. 1 

12 

Trans. 

6.b 

1.9 

4,7-8. 5 

2.8-10.4 

0,9-12.3 

0.030 

21 

21 

Long. 

12.0 

1.6 

10.4-13,6 

8.8-15.2 

7.2-16.8 

42 

Trans. 

9.6 

1.5 

8. o-i 1.0 

6,5-12.5 

5.0-14.0 

0.04" 

17 

17 

Long. 

14.6 

1.1 

13.5-15.7 

12.4-16.8 

11.3-17.9 

34 

Trans, 

10.0 

1.7 

8.9-12.3 

7.2-14.0 

5.5-15.7 

0.050 

13 

13 

Long. 

16.9 

4.8 

12.1-21.7 

7.3-26.5 

2.5-31.? 

26 

Trans. 

12.4 

4.4 

8.0-16,8 

3.6-21.2 

0.0-25.6 

Footnotes  appear  on  the  following  page, 
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Footnotes  for  Table  A-52: 

(a)  Test  rate  O.C05  i  0. 002  inch  per  inch  per  minute  to  0.6  per  cent  offset*  then  0. 1  *  0. U2  inch  per  inch  per  minute  to 
fracture.  Chemical  analyses  0.09-0.54%  Ti,  0. 002-0. 042% C  (84%  were  below  0.025%C),  0.0007%H  max, 

0. 0187%  O  max*  and  0. 0025%  N*  The  following  definitions  apply: 

n  *  the  number  of  specimens  tested 


x  =  the  tensile  strength*  yield  strength,  oi  elongation  of  each  specimen  tested 


<7 


=  one  standard  deviation. 


(b)  The  tensile  strength,  yield  strength,  cr  elongation  of  68  per  cent  of  the  specimens  tested  lies  within  the  range  of 
xso. 

(c)  The  tensile  strength*  yield  strength*  or  elongation  of  95  per  cent  of  the  specimens  tested  lies  within  the  range  of 
x  ±  2  o, 

(d)  The  tensile  strength,  yield  strength,  or  elongation  of  99.7  per  cent  of  the  specimens  tested  lies  within  the  range  of 
x  *  3a. 
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TABLE  A-53.  SOME  SELECTED  ROOM- TEMPERATURE  TENSILE 
PROPERTIES  OF  Mo-0. STt  ROD.  BnR.  AND  SHEET 


Condition 

Tensile 
Strength, 
1000  psi 

Yield  Strength 
(0.r%Cff»et). 

1000  psi 

Elongation, 
per  cent 

Reduction  in 
Area,  per  cent 

Reference 

Rod  and  Bar 

Rod  (0.375  :nch) 

Oftr  ex 

114.6 

92.4 

30.0 

38.8 

(IS) 

5.  1ft  rex 

304.9 

85.1 

37.3 

62.5 

(15) 

34.  9£  rex 

94.1 

6*\7 

35.3 

49.4 

(1« 

46.3ft  rex 

86.6 

55.5 

46.0 

55.8 

(15) 

63. 6ft  rex 

82.9 

51.6 

40.0 

42.0 

(15) 

74.4ft  rex 

81.7 

49,2 

41.3 

66.6 

(IS) 

97.6ft  rex 

74.4 

48.6 

— 

-- 

(IS) 

100ft  rex 

74.4 

53.1 

49.3 

38.5 

(15) 

Rod  (roiled  2250  F,  0.375  inch) 

As  rolled,  forged  1S00  F 

105.3 

94.5 

— 

(15) 

As  roiled,  forged  2100  F 

111.5 

36.7 

-- 

(15) 

As  rolled,  forged  2400  F 

95.5 

89.6 

— 

(15) 

50ft  rex,  forged  1800  F 

91.4 

76.8 

— 

(15) 

50ft  rex,  forged  2100  F 

93.2 

92.6 

(O) 

50ft  rex,  forged  2400  p 

96.5 

94.2 

(15) 

iOvftrex,  forged  1800  F 

84.8 

73.  6 

(15) 

lOOft  rex,  forged  2l0o  F 

86.5 

83.3 

(15) 

100ft  rex,  forged  2400  F 

90.0 

88.9 

(IS) 

Rod  (rolled  2-100  F,  0.375  it.ch) 

As  rolled,  forged  1800  F 

107.8 

91.3 

-- 

— 

(IS) 

Af  rolled,  forged  2100  F 

106.0 

91.7 

(15) 

AS  rolled,  forged  2400  F 

92.4 

- 

-- 

(15) 

50ft  rex,  forged  1800  F 

90.0 

81.4 

-- 

(IS) 

50ft  rex,  forged  2100  F 

94.8 

81.6 

— 

(15) 

50ft  rex,  forged  2400  F 

92.9 

88.2 

— 

— 

(15) 

100ft  rex,  forged  1800  F 

84.3 

71.6 

— 

(IS) 

100ft  rex,  forged  2100  F 

t>8.4 

82.3 

— 

-- 

(15) 

100ft  rex,  forged  2400  F 

89.9 

38.0 

-- 

(IS) 

Rod  (0.377  inch) 

Railed  6.2%  at  1S00  F 

77.7 

57.0 

32.: 

35.7 

(15) 

Rolled  17.  l%at  1800  F 

81.8 

6S.  1 

30.0 

.30.7 

(15) 

Rolled  33. 8%  at  1800  F 

89.  I 

75.9 

24.0 

28.7 

(15) 

Rolled  81.8%  at  1800  F 

113.8 

101.3 

28.7 

43.4 

(IS) 

Relics  7.2%  at  "ICO  c 

79.6 

69.5 

32.0 

27.7 

(15) 

Rollcd  17. 3%  at  2100  F 

83.0 

71. 1 

28.7 

28.7 

(15) 

Rolled  81.3%  at  2100  F 

109.1 

92.5 

32.7 

.32. 7 

(IS) 

Rolled  6. 7%  at  2400  F 

78.5 

70.2' 

,34.0 

2".  0 

(15) 

Rolled  17.  1% at  2-100  F 

86.9 

75.2 

16.0 

25.5 

(15) 

Rolled  82.2%  at  2400  F 

97.2 

80.8 

-37.3 

44.8 

(15) 

Rccrvitallized  rod  (7/16  inch/*) 

91 

91 

4  5 

31.2 

(16) 
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TABLE  A -5:*.  (Continued) 


Condition 

Tensile 
Strength, 
1000  psi 

Yield  Sirenglli 
(j.  27»  Offset). 

1000  psi 

Elongation, 
per  cent 

Reduction  in 
Area,  per  cent 

Re  fere  nc 

Rod  and  bar  (Continued) 

Bar  (1/2  inch  square) 

Rolled  16.  1ft  at  1800  F 

81.2 

65.7 

38 

31.7 

(17) 

Rolled  4?.  67*  at  1800  F 

99.7 

87.0 

3*7 

66.4 

m 

Rolled  4. 7ft at  2200  F 

77.i 

56.  5 

45 

43.1 

(17) 

Rolled  8.  3ft  at  2200  F 

^8.9 

66,  1 

42 

33.9 

(17) 

Rolled  .';.3ftat  2200  F 

78.9 

67.  8 

34 

31.2 

(17) 

Rolled  17.57  at  2200  F 

84.5 

70.7 

40 

35.9 

(17) 

Rolled  27.2ft  at  2200  F 

87.9 

73.2 

39 

39,3 

(17) 

Rolled  49. 0ft  at  2200  r 

102.2 

92,5 

25 

37.8 

(17) 

Rolled  79.  >ft  at  2200  F 

114.4 

103.9 

34 

66.6 

(17) 

Stress-relieved  rod  (5/8  inch)^ 

112.9 

103.4 

36 

62. 1 

(18) 

JU.4 

104.  b 

39 

66 

(18) 

As  rol  cd  rod  (3/8  inch) 

101.85 

101.85 

16.7 

20.4 

(1-) 

103.25 

103.25 

21.7 

26.7 

(17) 

Rod  (5/8  uich/c) 

As  rolled 

120.8 

87.  DW 

33 

66.4 

(10) 

Stress  relieved 

119 

87.0(d> 

36 

66. 5 

(19) 

Rccrystalltzcd 

77.5 

C7.7(d> 

36 

34,8 

(19) 

As  rolled 

112.9 

06. 7(d) 

29 

59.7 

(18) 

S*r ess  relieved 

132.  1 

00.  l(d> 

Sheet 

31 

70 

(18) 

St*css-relievcd  sheet  (0.065  mch)^ 

126. 1 

108.2 

21 

37.2 

(16) 

12%  4 

106.8 

22 

38.4 

(16) 

Rtcr\  stall  /cd  sheet  (0.065  mch/c' 

84.9 

84.9 

58 

63.  5 

(16) 

89.5 

83. 5 

46 

60.4 

(16) 

Rocrystnlhzcd  sheet'0) 

As-rolled  surface 

126.6(1) 

12%  a  <L) 

0.24  (L) 

— 

(20) 

117.  1(T) 

110.4  (T) 

0.88  (7) 

-- 

(20) 

116.7  (T) 

103.7  (T) 

0.88  (T) 

— 

(20) 

Surface  ground 

132.2(1.) 

124.4 (L) 

4.  1  (L) 

— 

(20) 

135  (L) 

125  (t) 

6.2(1.) 

-- 

(20) 

120  (T) 

107.7  (T) 

14.8(7) 

-- 

(20) 

1 19.2  (T) 

106. 2  (T) 

12  (T) 

-- 

(20) 

Slice*  ( 1/16  inch) 

As  rolled.  272  VHN*1' 

9 1.0(1.) 

7%  4(1.) 

10(1.) 

— 

(21) 

110.5  (T) 

36.7  (T) 

8<T) 

-■ 

(21) 

Stress  relieved,  26o  VllN^ 

85.  : 

ft 

1 

— 

(21) 
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TaBLE  A-S3.  (Continued) 


Condition 

Tensile 

Strength, 

1000  psi 

Yield  Strength 
(0, 2%  Offset), 

1000  psi 

Elongation, 
per  cent 

Reduction  in 
Area,  per  cent 

Reference 

Sheet  (Continued) 

Sheet  (1/16  inch)  (Continued) 

Re  crystallized,  194  VHN^ 

81  (L) 

68  (L) 

28  (L) 

-- 

(21) 

66  (T) 

58.5  (T) 

3(T) 

— 

(21) 

As  rolled,  309  VHN® 

135.1 

107.3 

13 

(21) 

Stress  relieved,  JOU  VHN^) 

114.1 

90.2 

16 

-- 

(21) 

Recrystallizcd,  191  VHN® 

74 

52 

34 

~ 

(21) 

As  roiled,  302  VHN*h) 

125.9  (L) 

1 15.9  (L) 

1(L) 

(2!) 

- 

126,4  (T) 

121.3  (T) 

0.5  (T) 

-- 

(21) 

Stress  relieved,  285  VHN^) 

97. 5  (L) 

96,4  (L) 

1(L) 

-- 

(21) 

122. 1  (T) 

116.5  (T) 

1(T) 

— 

(21) 

Recrystallizcd,  192  VHN(h> 

58. 5  (L) 

57. 9  (L) 

O.S(L) 

— 

(21) 

55.  8  (T) 

55.8  (T) 

0.5  (T) 

— 

(21) 

As  rolled,  264  V}IN<D> 

101.4  (L) 

80.6 

1 

— 

(21) 

8».b  (1) 

— 

0 

— 

(21) 

Stress  relieved,  247  VHNC) 

73.0(T) 

-- 

0  (T) 

(21) 

Recrystallizcd,  193  TON*') 

36.7(1) 

-- 

0  (L) 

(21) 

48.9  (T) 

43.8  (T) 

KT) 

<:i) 

(>) 

0.46$Ti  and 

0.012%C, 

CO 

0.46$  Ti  and 

0.023%  C. 

(c) 

0.46$  Ti  and 

0.  021%,  C, 

(d) 

0. 1  per  cent  offset. 

<«0 

0.4'>%  Ti  and 

0.  02%  C. 

(0 

0.  023*55  C. 

« 

0. 019%C. 

CO 

0.  046%  C. 

(>) 

0. 047%  C. 

Reduction  by  Rolling,  per  cent  Recrystollizoticn,  per  cent ,  After  81  9  Per  Cent 

Reduction  a-jsmo 


FIGURE  A-86.  ROOM-TEMPERATURE  HARDNESS  AND  TENSILE  PROPERTIES 
OF  Mo-0.  5Ti  BA1}  (3^ 4-INCH  SQUARE)^) 

Rolled  at  1800  F. 


Elongation  of’d  fieduct- on  n  Areo,  ner  cent 


Elongation,  per  cent  S,ref*3,h>  1000  PS1 


Hardness,  DPH 


As  Rolled  900  1000  1100  1200 

l-Hoor  Amecling  Temperotire,  C 
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FIGURE  . v - .1 7 .  EFFECT  OP  ANNEALING  TEMPERATURE  ON  THE  ROOM- 
TEMPERATURE  TENSILE  PROPERTIES  OF  SYLVANIA 
POWDER- METALLURGY  Mo-0.  5Ti  SHEET  (0.0-40  INCH)'22) 
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TABLE  A-54.  EFFECT  OF  1’EMpERATURE  AND  STRAIN  RATE  ON  THE  TENSILE  PROPERTIES  Or 
RECRYSTALLIZED  ARC-CAST  Mo-O.STi  BAR  AND  SHEET  IN  ARCOt/aX24) 


Temperature, 

F 

Strain  Rate, 
in.  /in.  /min 

Tensile 
St-engtli, 
1000  psi 

Yield  Strength 
(0.2%  Offset), 

1000  psi 

Elongation  in 

2  Inches, 
per  cent 

Modulus  of 
Elasticity, 
10<>  psi 

Bar,  3/8-lnch  Diameter 

RT 

0.002 

77.1 

65. 0/54.  l<b> 

34,0 

55.7 

0.2 

80.0 

71.5/G8.  5<b> 

35.5 

17.9 

1200 

0.002 

39.2 

15.5 

38.8 

13.0 

0.2 

3o.8 

-- 

44.5 

-- 

2100 

0.002 

22.0 

13.2 

22.0 

12.5 

0.2 

31.3 

-- 

30.0 

— 

2600 

0.002 

13.8 

10.2 

21.8 

15.0 

0.2 

11.5 

9.1 

22.0 

14.6 

3000 

0.002 

4.24 

__ 

:a.U 

.. 

0.2 

6.76 

4.26 

25.5 

2.  12 

Sheet,  0.060  Inch 

RT 

0.002 

76.9 

61.5/47.  iP*) 

31.0 

43.4 

0.2 

78.5 

68.4/G7.s(b) 

20.0 

43.3 

1200 

0.002 

37.1 

12.95 

30.0 

22.8 

0.2 

35.0 

9.22 

30.2 

19.0 

2100 

0.002 

31.9 

13.6 

12.5 

23.8 

0.2 

*5.2 

IS.  18 

19.0 

2600 

0.002 

12. 27 

12.02 

11.0 

10.2 

0.2 

16.32 

9. 10 

13.5 

6.9 

o 

o 

0.00? 

2.84 

.. 

12.0 

-- 

0.2 

6.20 

** 

16.2 

■ " 

(a)  Rccrystallized  35  minutes  at  2900  F,  ASTM  6. 

(b)  Upper  yield  strcngth/lowcr  yield  strength. 


TABI E  A-S5.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF  AS-ROLLED 
POWDER-METALLURGY  Mo-0.5Ti  SHEET  (0.040  INCH/11) 


Temperature, 

F 

Tensile 
Strength, 
h  )C  psi 

Y  ldd  Strength 
(0.2%  Offset), 

1000  psi 

Elongation, 
per  cent 

RT 

150 

140 

7 

2000 

7S 

61 

10 

2200 

55 

38 

10 

2400 

28 

21 

20 
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r.AHi  F  A-56.  EFFECT  OF  TEMPERATURE  ON  SOME  SLLECTED  TENSILE 
PROPERTIES  OF  Mo-0.  5Ti  ROD,  BAR.  AND  SHEET 


Condition 

Temperature, 

F 

Tensile 

Strength- 

1000  psi 

Yield  Strength 
(0.  21b  Offset). 
1000  psi 

HI  mgauon, 
per  cent 

Reduction 
in  Area, 
per  cent 

Referent 

Rod  and  Bar 

Rod  (7/16  wch)(l) 

Stress  relieved 

-165 

190.3 

190.3 

.. 

(26) 

-165 

184.6 

184.6 

— 

— 

(16) 

Recrysulhzed 

-105 

120 

120 

0 

(16) 

-105 

121.9 

121.9 

— 

0 

(13) 

Stress  relieved 

-75 

157.4 

157.4 

26 

69 

(16) 

-75 

154 

153.5 

21 

64.6 

(16) 

Stress  relieved 

32 

136.2 

134.6 

25 

67.8 

(16) 

32 

137.2 

134.2 

22 

69 

(16) 

Rccrystallized 

32 

103 

i03 

- 

10.3 

(16) 

Rod  (7/16  uich)(aJ 

Stress  relieved 

212 

107.6 

104 

34 

77.4 

(16) 

0»r» 

ioS.o 

104.2 

27 

78.) 

(16) 

Rocrystalhzcd 

212 

71.5 

71.5 

.. 

30.5 

(16) 

2j2 

66.3 

66.3 

33 

34.6 

(16) 

As- rolled  rod  (3/S  inch) 

300 

73.9 

69.6 

25.6 

61.4 

(25) 

300 

73.35 

68.75 

29.5 

6b.  9 

(25) 

Recrystal lized  rod  (7/16  inch/*) 

570 

49.7 

45.5 

49 

85 

(16) 

Rod  (3/8  inch) 

As  rolled 

57u 

67.45 

65.1 

29 

74.7 

(17) 

570 

67.9 

65.5 

25.6 

78.7 

(11) 

750 

100.4 

78, 9<b> 

IS 

76.1 

(18) 

Stress  relieved 

750 

110.0 

8s/b> 

18 

72.8 

(18) 

RecrysraiJized 

750 

45.6 

30.2*^ 

47 

SC.  4 

(17) 

Rod  (1  inch) 

M  rolled 

/DO 

90.8 

— 

’6 

75.5 

(17) 

Stress  relieved 

750 

90.7 

71.  *b> 

17 

73.5 

(17) 

RccrysiaHi2cd 

750 

42.4 

is. eCb) 

4« 

83.9 

(17) 

As-roIIad  rod  (3/8  inch) 

930 

62.65 

61.5 

22.7 

84.2 

(25) 

93* 

61. 1 

CO 

24 

82.7 

(25) 

1110 

65.4 

65.25 

20.4 

82.1 

(25) 

2110 

57.5 

55.05 

26.3 

84.6 

(25) 

Rod  (VS  inch) 

As  rolled 

1200 

101.3 

P0.6C>) 

18 

82.6 

(18) 

Stress  relieved 

1200 

100.5 

S4(b) 

17 

74.1 

(18) 

Rccrysfalhzcd 

1200 

43.7 

- 

45 

86,2 

(18) 
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TABLE  A- 56.  (Continued) 


Condition 

Temperature, 

F 

Tensile 
Strength, 
2000  psi 

Yield  Strength 
(0.2$  Offset), 
1000  psi 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Reference 

Rod  and  Bar  (Continued) 

Rod  (1  inch) 

As  rolled 

1200 

84.9 

68.3<b> 

15.5 

74.5 

(26) 

Stress  relieved 

1200 

84.7 

62.6<b) 

16 

71.9 

(26) 

Recrystalhzed 

1200 

39.2 

10. 3<b> 

42.5 

87.7 

(26) 

Rod  (5/8  inch) 

As  rolled 

1600 

81.3 

S5.5<d> 

1« 

79.6 

(17) 

Stress  relieved 

1600 

83.2 

54.5 

18 

76 

(17) 

Recrystalhzed 

1600 

39.6 

13.9 

50 

89.9 

(17) 

Rod  (1  inch) 

As  rolled 

1600 

73.4 

64.  sW 

15.5 

75 

(17) 

Stress  relieved 

1600 

77.7 

62.8<b) 

16 

75.7 

(17) 

Recrystalhzed 

1600 

37.5 

14. 5(b) 

48.5 

87.6 

(If) 

Rod  (0.300  inch) 

0%  rex 

1800 

C8.9 

18.0 

81.0 

(15) 

5.  1%  rex 

1800 

61.2 

18.7 

87.9 

(15) 

39.a?.rox 

1800 

46.1 

26.7 

91.0 

(IS) 

46. 3%  rex 

1800 

39.4 

31.3 

91.4 

(15) 

63. 5%  rex 

1800 

36.2 

39.3 

89.3 

(15) 

74.4 %  rex 

1800 

35.  o 

48.7 

91.8 

(15) 

97.6*0  rex 

1800 

32. 1 

60.7 

93.8 

(15) 

100%  rex 

1800 

30.7 

56.7 

86.0 

(15) 

Rolled  6.2%.  1800  F 

1800 

35.8 

53.5 

92.4 

(15) 

Rolled  17.1%,  1800  F 

3800 

41.5 

32.7 

89. 9 

(15) 

Rolled  33.8%,  1800  F 

1800 

48.4 

22.0 

88.4 

(15) 

Rolled  81.9%,  1800  F 

1800 

65.0 

24.7 

87.0 

(IS) 

Rolled  7.2%,  2100  F 

1800 

35.0 

50.0 

91.9 

(15) 

Rolled  17.3%,  2100  F 

1800 

42.1 

32.7 

91.7 

(15) 

Rolled  31.3%*  2100  F 

1800 

65.1 

25.3 

83.5 

(15) 

Rolled  6. 7%,  2400  F 

1800 

35.3 

__ 

33.3 

91.6 

(15) 

Rolled  17, 1%,  2400  F 

1800 

43.7 

-- 

30.0 

90.6 

(15) 

Rolled  82.2%,  2400  F 

1800 

53.5 

25.3 

88.3 

(15) 

Rod  (rolled  2250  F.  0.375  inch) 

As  rolled,  forged  1800  F 

1800 

64.6 

— 

— 

(15) 

As  rolled,  forged  2100  F 

1800 

67.8 

-- 

-- 

— 

(15) 

At  rolled,  forged  2400  F 

1800 

46.0 

-- 

*“ 

(15) 

50%tex,  forged  1800  F 

1800 

43.7 

— 

— 

-- 

(15) 

30%  rex,  forged  2100  F 

1800 

43.4 

-- 

— 

(15) 

50%  rex,  forged  2400  F 

1800 

40.9 

-- 

(15) 

100%  rex,  forged  1800  F 

1800 

36.8 

— 

— 

*- 

(15) 

100%  rex,  forged  2100  F 

1800 

39.0 

— 

(15) 

100%  rex,  forged  2400  F 

1800 

39.9 

— 

(15) 
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TABLE  A-56.  (Continued) 


Condition 

Temperature, 

r 

Tensile 
SUciigth, 
1000  psi 

Yield  Strength 
(0.2%  Offset), 
1000  psi 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Reference 

Rod  and  Bar  (Continued) 

Rod  (tolled  2400  F.  0.375  ind.) 

As  rolled,  forged  1800  F 

1800 

63.7 

-- 

-- 

— 

(15) 

As  rolled,  forged  2100  F 

1800 

62.8 

-- 

-- 

(15) 

As  rolled,  forged  2400  F 

1800 

41.2 

-- 

-- 

(15) 

50%  rex,  forged  1800  F 

1800 

3b.  8 

-- 

-- 

-- 

(15) 

60%  rex,  forged  2100  F 

1800 

39.7 

-- 

— 

■- 

(15) 

50%  rex,  forged  2400  F 

18C0 

42.6 

-- 

— 

-- 

(15) 

100%  rex.  forged  1300  F 

1800 

34.4 

-- 

--- 

*- 

(15) 

100%  rex,  forged  2100  F 

1800 

37.0 

-- 

— 

-- 

(15) 

100%  rex,  forged  2400  F 

1800 

38.1 

-- 

— 

-- 

(16) 

Rod  (1/4  inch/®) 

As  rolled 

1800 

81.3 

55.5 

18 

79.6 

(21) 

Stress  relieved 

1800 

83.2 

54.5 

18 

76.0 

(2!) 

Reerysta'.IiZcu 

1800 

39.6 

13.9 

GO 

89.9 

(21) 

Rod  (5/3  inch)(d) 

Stress  relieved 

1800 

67.8 

67.8 

20 

79.5 

(17) 

Stress  relieved 

1800 

67.2 

60.1 

18 

79,2 

(17) 

Stress  relieved 

1800 

64.0 

- 

-- 

(27) 

Stress  relieved 

1800 

67.8 

-- 

-- 

(27) 

Stress  relieved 

1800 

46.0 

-- 

(27) 

50%  rex 

1800 

41.7 

(27) 

50%  rex 

1800 

43.4 

-- 

-- 

(27) 

50%  rex 

1800 

40.9 

-- 

*- 

(27) 

Kecrystallizcd 

1800 

34.4 

-- 

(27) 

Re  crystallized 

1800 

37 

— 

(27) 

Rccrystallized 

1800 

38.1 

— 

(27) 

Stress  relieved 

2000 

58.7 

50.5 

15 

88.1 

(17) 

2000 

60.0 

53.7 

18 

81.1 

(17) 

Stress  relieved 

2400 

18.6 

8.5 

70 

94.6 

(17) 

2400 

18.3 

8,4 

61 

94.6 

(17) 

Rod  (1/4  mch/C) 

Stress  relieved 

2400 

20.0 

9.9 

71 

97.8 

(21) 

Recrystal  lizcd 

2400 

to 

© 

o 

11.8 

79 

95.3 

(21) 

Bar  (1/2  inch) 

Extruded,  as  rolled 

2500 

22.5 

__ 

.. 

(2.8) 

Recrystalhzed(e) 

2500 

24.4 

- 

- 

75 

(28) 

Extruded,  as  rolled 

2750 

14.6,5 

- 

- 

- 

(25) 

Extruded,  as  idled 

3000 

9.8 

.. 

56 

(25) 

Rccrystallizcd(e) 

3000 

8.4 

-- 

96 

(28) 

Recrystal  !xzcd(e) 

3250 

4.15 

- 

-- 

99 

(28) 
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TABLE  A-56.  (Continued) 


Condition 

Tempera  rare 
F 

Tensile 
Strength, 
1000  psi 

Yield  Strengtn 
(0.25*  Offset), 

<000  pli 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Reference 

Rod  and  Bar  (Continued) 

Extruded,  asro.led 

3300 

5.27 

— 

.. 

_ 

(25) 

3500 

3.03 

-- 

— 

— 

(25) 

Recr)  stalhzed^ 

3600 

1,265 

- 

- 

95 

(28) 

Extruded,  as  rolled 

3700 

i.  60 

Sheet 

•* 

(25) 

Sheet  (0. 0G5  inch)(a5 

Stress  relieved 

-390 

203.2 

— 

— 

(16) 

-390 

20S 

- 

-- 

— 

(16) 

Stress  relieved 

-165 

167.8 

167.8 

.. 

29.4 

(16) 

-165 

16?.  1 

160 

-- 

•24.5 

(16) 

Recrystallized 

-165 

130.9 

130.9 

0 

(16) 

-165 

133.6 

133.C 

--- 

4 

(16) 

-140 

119.2 

119,2 

-- 

0 

(16) 

Stress  relieved 

-105 

147.6 

135.2 

.. 

35.5 

(16) 

-105 

147.8 

134.5 

24 

35 

(16) 

Recrystallized 

-105 

111.9 

111.9 

-- 

0 

(16) 

-105 

111.2 

111.2 

*• 

9.2 

(16) 

Stress  relieved 

390 

109.2 

97.8 

.. 

43.4 

(16) 

390 

lu5.9 

93.8 

-- 

43.9 

(16) 

Reen  stall!  zed 

390 

61 

Cl 

_ 

69.5 

(16) 

390 

58 

58 

-- 

71.9 

(16) 

570 

55.3 

40.6 

-- 

69.5 

(16) 

Sheet  (1/1G  inch/’^ 

As  tolled 

1800 

66  <!.) 

-- 

6  (L) 

-- 

(21) 

1800 

74,  S  (T) 

44. 5  (T) 

■  (T) 

-- 

(21) 

Stress  relieved 

1S00 

63.4  (L) 

— 

fi(L) 

-- 

(21) 

1800 

74.8  (T) 

-- 

1  (T) 

-- 

(21) 

Re  crystallized 

1800 

34.4  (L) 

19.6  (L) 

20  (L) 

— 

(21) 

1800 

39.  2  (T) 

14.6  (T) 

16  (T) 

-- 

(21) 

Stress  relieved 

°400 

19.9  (L) 

8. 8  (L) 

30  (L) 

.. 

(21) 

2400 

20.7  (L) 

10.8  (L) 

11  (L) 

-- 

(21) 

2400 

21.  1  (T) 

9. 9  (T) 

28.6  (T) 

-- 

(21) 

-400 

18.2  (T) 

9.7  (T) 

5(T) 

-- 

(21) 

nCsJAStallized 

2400 

17.6  (L) 

9.4  (L) 

30  (L) 

— 

(21) 

2400 

15.3(1.) 

5. 9  (L) 

27.5  (L) 

*  - 

(21) 

2  500 

16.7  (T) 

7.3  (T) 

30  (T) 

-- 

(21) 

2400 

16.9  (T) 

11.1  (T) 

36  (T) 

— 

(21) 
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TABLE  A-56.  (Commute) 


Condition 

Temperature 

F 

Tensile 
Strength, 
1000  psi 

Yield  Strength 
(0.2%  Offset), 
1000  psi 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Reference 

Sheet  (Continued) 

Sheet 

0,060  inch 

2400 

39.9 

33.5 

5 

— 

(29) 

0. 040  inch 

2600 

18.9 

11.5 

12 

_ 

(29) 

0. 060  »nch 

2600 

16.2 

11.4 

10 

— 

(29) 

0,040  inch 

2800 

IS 

S.4 

22 

(29) 

0, 060  inch 

2800 

12.4 

3.7 

10 

-- 

(28) 

0. 040  inch 

3000 

9.8 

5.7 

30 

-- 

(29) 

0, 060  inch 

3000 

10.8 

6.7 

20 

'' 

(29) 

(a)  0.46%  Ti  and  0.012%C. 

(b)  0. 1  per  cent  offset. 

(c)  0. 46%  Ti  and  0. 02 1%  C. 

(d)  0,46%  Ti  and  0.023%  C. 
(c)  0, 42%  Ti  and  0.026%  C. 
(f)  0, 046  to  0. 047%  C . 
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TABLE  A-S1.  EFFECT  OF  TEMPERATURE  ON  THE  MODULUS  OF  ELASTICITY  OF  ARC -CAST  Mo-0. 5Ti  EAR<a> 


Reference  32(b) 

Reference  24(c) 

Temperature,  F 

Modulus  of 
Elasticity,  10^  psi 

Temperature,  F 

Strain  Rate, 
in.  /m.  /min 

Modulus  of 
Elasticity,  10^  psi 

RT 

37.1 

RT 

0.002 

49.1 

400 

36.5 

0.2 

48.9 

600 

38.5 

1200 

0.002 

35.5 

600 

3M.  b 

0.2 

17.0 

1000 

33.7 

2100 

0.002 

ld.3 

1200 

32.2 

0.2 

23.6 

1400 

28.5 

2600 

0.002 

18.7 

1000 

29.9 

0.2 

39.2 

1800 

27.8 

3000 

0.002 

5.5 

2000 

25.5 

2200 

18.9 

2400 

8.  55 

(a)  Data  from  compressive  tens. 

(b)  From  3/4-inch  hot-cold-rollcd  stress-relieved  bar.  Test  rate  0.05  inch  per  rrsnuv  in  ar£oii. 

(c)  3/8-inch  diameter  bar  rccrysnllizcd  35  minutes  at  '2900  F,  ASTM  C. 


Strength  and  E  astic  Limit,  1000  psi 
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Temperature,  C 


FIGURE  A-88.  LOW-TEMPERATURE  TENSILE  PROPERTIES  OF 
AS-ROLLED  AND  STRESS-RELIEVED  Mo-0.  5Ti 
BAR  (5/8-INCH  DLAMETER)(17> 

Analyses  0  46%  Ti  and  0.021%  C. 


Elongation  ond  Reduction  in  Arec,  per  cent 


5 


Tempeiotufe.  C 


FIGURE  A- 89.  LOW-TEMPERATURE  TENSILE  PROPERTIES  OF  RECRYSTALLIZED 
Mo-0.  5Ti  BAR  (5/8-INCH  DIAMETER)*17) 

Recrystaiiized  i  hour  ai  2450  F. 

Analyses  0.45%  Ti  and  0.  024%  C. 


FIGURE  A-SC.  TENSILE  PROPERTIES  OF  Mo-0.  5Ti  BAR  (3,"  INCH  SQUARr) 
AT  1800  F 


Rolled  at  1800  F. 


;»crtg.2»ion  and  Reduction  m  iVea  ,per  cent 


T*mr*/oturt.F 


FIGURE  A-91.  EFFECT  OF  STRAIN  RATE  ON  THE  ELEVATED- TEMPERATU 
TENSILE  PROPERTIES  OF  ARC- CAST  Mo-0.  5Ti  BAR  AND 
SHEETO0) 


Strength,  1000  p*  •  T«n$j>e  Strength,  KXX5  psi 
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1700  l«00  800  2000  2l00  2200  2500  2*00 

Sintering  Temperature,  C 


EFFECT  OF  SINTERING  TEMPERATURE  ON  THE  TENSILE 
STRENGTH  OF  SYLVANIA  POWDER- METALLURGY  Mo- 
0,  5Ti  SHEET  (0.040  INCH)  AT  2190  F^31) 

0.  015  to  0.  066%  carbon. 


Cor  bon.  ppm  a-4«oj« 


FIGURE  A-93.  EFFECT  OF  CARBON  CONTENT  ON  THE  1200  C  STRENGTH 
PROPERTIES  OF  SYLVANIA  POWDER- METALLURGY 
Mo-0,  5Ti  SHEET  (0.040  INCH)  ROLLED  FROM  BILLETS 
SINTERED  AT  1850  TO  2300  C<31) 


FIGURE  A-9-*.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  SYLVANIA  POWDER- METALLURGY  Mo-0,  5Ti  SHEET 
(0.040  INCH)(3I> 
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Finished  Dimensions 
Do  *  0300  ±0001 
Dj  *0212  ±000t 
RN  *0011 


FIGURE  A-95.  UNNOTCHED  AND  NOTCHED  BAR  AND  SHEET  TENSILE 
TEST  SPECIMENS  USED  TO  OBTAIN  DATA  SHOWN  IN 
FIGURES  A-96  THROUGH  A-99 


All  dimensions  arc  in  inches. 
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FIGURE  a-96.  TENSILE  PROPERTIES  FOR  WROUGHT,  STRESS-RELIEVED 
ARC-MELTED  Mo-0.  5Ti  BAR  (1/4  HR  AT  1200  C; 

HARDNESS  272  VHN)(16) 


'Jrj.stchcd  Notched 

Crosshead  Speed, 

inch  per  minute  0.02  0.005 


Impurity  Weight  Per  Cent 


c 

0.012 

O 

<0. 0020 

N 

0.001 

H 

0.  0006 

Ti 

0.5 

Ta 

<0.  2 

W 

<0.  1 

Others 

<0.  06 

Notch-  Jnnotch  Strength  Rotio 


- 100  0  100  200  300  -100  0  100  200  300 

Temperature,  C  Temperature,  C  i-sjtw 


FIGURE  A-9?  TENSILE  PROPERTIES  FOR  RECRYSTALLIZED 
ARC-MELTED  Mo-0.  5Ti  BAR  (1/4  HR  AT  1400  C; 
HARDNESS  20  1  VHN;  ASTM  8.  1)(*6) 

Unnotched  Notched  Impurity  Weight  Per  Cent 

Crosshead  Speed,  ~ ~ 

inch  per  minute  0.02  0.005  C  0.012 

O  -.0  0020 

N  0.  00  i 

H  0.0006 

Ti  0  5 

Ta  <0  2 

W  <0.  1 

Others  <0.  06 


Notch-Lntotch  Strength  Rotio 


Notch- Lnnotch  Strength  Rotio 
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Temperature,  F 


Temperature,  F 


FIGURE  A-9V.  TENSILE  PROPERTIES  FOR  RECRYSTALLIZED  ARC-MELTED 
Mo-0 . 5Ti  SHEET  (3/4  HR  AT  1410  C;.  HARDNESS  183  VHN. 
ASTM  8,  4)<l2> 


Crosshead  Speed, 
inch  per  minute 


Unnotched  Notched 


0,03  0  005 


Impurity  Weight  Per  Cent 


C 

0.  03 0 

o 

0.  0043 

N 

0.  001 

H 

0. 0005 

Ti 

0  5 

Ta 

0  3 

W 

0.  1 

Others 

t  r> 
o 

o 

Notch  -UnnofCh  Strength  Ratio 


8 


D0  -  0 180  Do=OI80 
Di  =0  125  Di  =0  125 
Rn  =  0006  Rn= 0.0015 


A  36984 


FIGURE  A- 100.  UNNOTCHF.D  AND  NOTCHED  BAR  TENSILE  TEST 
SPECIMENS  USED  TO  OBTAIN  DATA  SHOWN  IN 
FIGURES  A-101  THROUGH  A-103 


Notch  Strength,  IOOO  psi  Tensile  Strength,  1000  psi 


A- 155 


A- 156 


FIGURE  A-  102.  EFFECT  OF  STRUCTURE  ON  NOTCH-UNNOTCH  STRENGTH 
RATIO  OF  ARC- CAST  Mo-0.  5Ti  BAR(33) 


Unnotched  Notched  Impurity 


PPM 


Crosshead  Speed, 
inch  per  minute 


0.  02  0.  005 


C  260-290 

O  1-78 

N  <10-40 

H  <1 


i  t 

n 


bbbk 

as 

mm 

m 

9«a 

pi— - )  ...  j - r - 

0  00  200  '00  <00 


TfmpefO»u««.  C 


A 


FIGURE'  A-  103.  EFFECT  OF  STRUCTURE  ON  THE  UNNOTCHED  AND  NOTCHED 
REDUCTION  IN  AREA  OF  ARC- CAST  Mo-0.  5Ti  BAR<33) 


Unnotched  Notched  Impurity  ^FM 


C 

O 

N 

H 


260-290 

1-78 

<10-40 

<1 


Crosshead  Speed, 
inch  per  minute 


0.  02 


0.  005 
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TABLE  A-58.  $  TRESS -RUP1 URE  OnTA  FOR  STRESS  -RELIEVED  AND  RECRYSTALUZED  Mo -r.5Ti  SHEET 

(i/16  INCH)  AT  1S00F<34> 


Carbon  Content, 

Stress, 

1000  ptl,  to  Produce  Rupture 

weight  pet  cent 

Condition 

1  Hour 

!0  Hours 

100  Hours 

0.046 

Sttess  relieved  I  hour  2000  F 

67.  S 

59. 5 

52.0 

Recryjtallized  1  hour  2400  F 

32.5 

30.0 

27.5 

0.047 

Sucu  relieved  1  nour  2170  F 

<62.0 

.. 

.. 

RecryitilUzed  1  hour  2600  F 

— 

34.5 

29.5 

TABLE  A-S9.  EFFECT  OF  PRIOR  FABRICATION  HISTORY  ON  1  HE  CREEP  AND  STRESS-RDPTUPE  PROPERTIES  OF 
MO-0.5T1  AT  1800F<15) 


Condition 

Condition 

Prior  to 
r«ging 

Forging 

Temperature, 

F 

Stress, 
1000  psl 

Creep  Rate, 
per  cent/ 
hour 

Rupture 

Time, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Varying  strain  hardening  along 

As  rolled 

1800 

56.0 

0. 18 

13.5 

9.3 

62.8 

specimen  gage  length,  rolled 

1600 

61.0 

— 

1  ,!fc) 

0.7 

— 

at  2250  P.  heal  treated. 

2100 

68.0 

■  - 

6.9 

11.5 

82.2 

fotged 

2100 

61.0 

0.056 

45.3 

10.5 

77.4 

2400 

38.0 

-  - 

6.8 

10.4 

89.4 

2400 

32.5 

0.025 

234. 3(c) 

0.4 

- 

50%  recry l* 

1800 

39.0 

0.26 

4.2 

10.2 

86.6 

tallrzcd 

1800 

34.0 

0.006 

284.9 

8.4 

75.5 

2)00 

38.5 

0.025 

47.4 

10.7 

90.2 

2100 

34.0 

0.0038 

81.0 

9.9 

83.3 

2400 

36.0 

0,028 

37.1 

8.1 

74.4 

2400 

34.5 

0.05 

17.7 

8.9 

82.7 

100%  recry  S' 

1800 

35.0 

0.01 

m.4<c) 

2.2 

ulliaed 

1800 

31.5 

0.0001 

231. if') 

0.74 

-- 

2100 

33.0 

0.019 

36.2 

8.0 

82.1 

2100 

31.6 

0.0013 

281. 2(*) 

0.97 

-- 

2400 

39.0 

0.30 

2.4 

9.5 

81.2 

2400 

36.0 

0,00012 

209.3(a) 

0.40 

- 

Varying  strain  hardening  along 

As  rolled 

1800 

55.0 

0. 12 

21.0 

11.1 

80.2 

specimen  gage  length,  rolled 

1800 

50.0 

0.96 

41.8 

9.6 

72.9 

at  2400  F,  heat  treated. 

2100 

55.0 

0.25 

9.9 

10.7 

64.1 

:oig«d 

2100 

50.0 

0.13 

75.2 

10.6 

74.6 

2400 

37.0 

0.35 

5.6 

9.5 

89.3 

2400 

33.0 

0.045 

27.3 

9.6 

90.4 

50%  re  ays- 

1800 

33.0 

0.13 

9.3 

9.5 

85.7 

ullized 

1800 

29.0 

0.035 

71.1 

10.4 

90.9 

2100 

35.5 

0.10 

1.6 

9.6 

91.8 

2100 

30.5 

0.000C3 

i9o.  af») 

0.27 

2400 

38.0 

0.01 

23.9 

9.3 

86.0 

2400 

35.0 

0,021 

20.1 

9.3 

85.7 

Varying  strain  hardening  along 

100%  recrys* 

18C0 

32.0 

0.008 

53.4 

9.3 

91.9 

specimen  gage  length,  rolled 

tallucd 

1800 

29.0 

0.003 

138. 4W 

2.1 

at  2400  F.  heat  treated. 

2100 

34.5 

0.0035 

125. 1<*> 

0.86 

— 

forged 

’100 

32.0 

0.007 

153.4 

8.6 

90.0 

2400 

33.0 

0.56 

5.9 

10.3 

92.9 

2400 

29.0 

0.001 

185.<<*> 

0.81 

- 

(a)  Test  discontinued. 

(b)  Estimated. 

(c)  Test  discontinued  because  specimen  holder  failed. 

(d)  Value  attained  on  loading. 
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TABLE  A-CU.  CREEP  AND  S  fRESS-RUPTURE  PROPERTIES  OF  STRESS-RELIEVED  Mo-U  STl  AT  1000  TO  2000  F<35) 


Temperature, 

F 

Stress, 
1000  psi 

Time,  hours,  to  Reach  Indicated 

Per  Cent  of  Deformation 

0  2  0.5  1.0  2  5 

Minimum 
Creep  Rate, 
per  tent/hour 

Rupture 

Time, 

hours 

Elongation, 
per  cent 

Reduction 

in  Area, 
per  cent 

1OU0 

85.5 

. . 

.  _ 

.  . 

_  . 

.. 

_ 

(a) 

12.0 

84.5 

75.0 

(a) 

-- 

-- 

-- 

- 

Nil 

2C0.4(h.> 

0.47 

-* 

1200 

32. 5 

.. 

.. 

.. 

(a) 

12.0 

82.1 

78.5 

(a) 

0.1 

t>2 

-- 

- 

0.0016 

255.  I<b> 

1.33 

— 

140  l* 

76.0 

.. 

.. 

.. 

(a) 

12.0 

73.1 

70.0 

<•*) 

u.C 

19 

1  ■  >8 

242.  CiU 

O.on 

254.7 

15.2 

72.1 

1600 

85.0 

.. 

-- 

u.06 

0.3 

1.0 

0.6 

U.9 

86.8 

75.0 

— 

6.2 

1.7 

5 

15 

0.22 

18.2 

17.4 

88.3 

7u.O 

1 

4 

14 

42 

-- 

0..31 

138.0 

17.1 

72.7 

6s. 0 

7 

18 

38 

TO 

145 

u  w3 

171.0 

17.5 

77.5 

1800 

70.0 

<a> 

(a) 

0.13 

0.4 

u.9.  est. 

3.2 

1.0 

1C.  5 

83.2 

60.0 

o.2 

1.6 

4.0 

8.7 

20,  est. 

o.2l 

27.5 

18.5 

86.0 

55.0 

2.7 

7.7 

18 

33 

80 

0.037 

94.6 

18.0 

83.6 

50.0 

5.S 

16 

34 

12s 

21  at. 

O.U12 

227.9 

16.3 

61.8 

18.0 

— 

*- 

-- 

-* 

-- 

0.003,  est. 

550.  o 

12.8 

51.7 

*10.0 

7.2 

27 

260 

595 

-- 

0.0014 

910. 0<b) 

3.22 

— 

juO') 

*.0.0 

.. 

.. 

0.2 

12.1 

79.8 

50.0 

— 

0.2 

o.75 

2.5 

-- 

0.52 

6.7 

19.2 

87.6 

30.  o 

-- 

3.5 

37 

1!K 

>- 

0.0012 

257.2 

10.3 

39.6 

27.0 

-- 

9.0 

55 

197 

-- 

0.00*1 

501.2 

11.5 

C.S 

25.0 

-- 

15 

75 

235 

-- 

0.0062 

335. 

2.3 

-- 

20.0 

25 

163 

0.v04 

261 .  S<b> 

1.4 

(s)  Value  attained  on  loading. 

(b)  Indicates  test  was  discontinued  at  this  time. 
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TABLE  A -61.  CREEP  AND  STRESS-RUPTURE  PROPERTIES  OF  RECRYSTALUZED 
MO-0.5T1  AT  1000  TO  2400  f(3S) 


Temperature, 

F 

Stress, 
1C00  pst 

~ 

Time,  hours,  to  Reach  Indicated 
Per  Cent  of  Deformation 

5  8  10  12 

15 

Minimum 
Creep  Rate, 
per  cent/nour 

Rupture 

Time, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

1000 

38.0 

- 

- 

(4) 

-- 

-- 

Nil 

256.  l<b) 

8.54 

- 

1200 

38.0 

.. 

.. 

<») 

.. 

.. 

U.000I 

216. 4'b' 

8.62 

__ 

36.0 

— 

— 

— 

— 

-- 

0.0005 

232. 4(b> 

36.8 

-- 

1400 

35.0 

" 

-- 

100 

202 

268 

378 

0.017 

402. 5<b) 

15.9 

-- 

1600 

40.0 

-- 

(4) 

0.3 

0.5 

0.8 

1.0 

.. 

1.7 

44.8 

90.4 

35.0 

(») 

1.5 

11 

21 

32 

48 

0.19 

74.9 

32.8 

86.4 

34.0 

(») 

8.0 

72 

128 

178 

210 

0.037 

223.0 

25.0 

61.1 

33.5 

(») 

8.0 

54 

116 

178 

310 

0.027 

379.4(b) 

15.3 

— 

1800 

35.0 

— 

— 

(4) 

0.04 

0.08 

0.10 

.. 

0.35 

50.5 

92,3 

31.0 

(4) 

0.29 

0.4 

0  7 

1.1 

1.7 

5.8 

3.9 

45.6 

89.7 

29.0 

0. 18 

1.0 

5.0 

11 

17 

27 

0.32 

82.3 

63.2 

89.4 

27.5 

0.7 

4.7 

10 

13 

22 

47 

0.014 

328.  7(b) 

22.4 

-- 

2000 

30. 0 

— 

(») 

0.06 

0.1 

0.11 

0.2 

— 

o.:1 

48.3 

89.7 

25.0 

(4) 

— 

0.1 

0.16 

0.2 

0.5 

6.0 

4.4 

51.7 

86.7 

20.0 

2.3 

13 

37 

55 

75 

115 

0.11 

221.1 

32.8 

38.2 

18.0 

43 

125 

210 

249 

285.  est. 

-- 

0.023 

280.0(h) 

12.6 

— 

2400 

5.0 

— 

-- 

— 

— 

— 

— 

0.013 

258.9 

4.2 

5.8 

3.0 

— 

— 

— 

— 

-- 

0.0023 

834.4(b) 

1.90 

-- 

2.0 

— 

— 

— 

— 

— 

— 

0.0003 

361.0(b) 

0.188 

-- 

1.0 

0.00011 

700.3(h) 

0.077 

•• 

(i)  Value  attained  on  loading. 

(b)  indicates  test  was  discontinued  at  this  time. 


A-160 


TABLE  A  -  62 .  SOME  SELECTED  CREEP  AND  STRESS-RUPTURE  PROPERTIES  OF  Wo-0.5Ti  AT  ELEVATED  TEMPERATURES 


Composition  and 
Condition 


0.4.VJoTi.  stress  relieved 


OJj1?)  Ti,  recr)  st a Ki /.ed 


0.  Ao'/'Ti,  stress  relieved 


U.4i>7c»Ti,  recrystalhzed 


0.  46ft  Ti  and  0.  02 lft  C. 
as  rolled 


1  emperature, 

F 

Stress, 
1000  pst 

Creep  Rate, 
per  cent/ 
hour 

Rupture 

Time, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Retcrence 

1600 

85.0 

4.0 

0.5 

14.9 

86.8 

(17) 

73.0 

0.22 

IS.  2 

l7.4 

88.3 

(H) 

65. 0 

C.  03 

171.0 

17.5 

77.5 

(17) 

1800 

70.0 

3.2 

1.0 

16.  5 

83.2 

(17) 

60.0 

0.21 

27.5 

18.5 

88.0 

(17) 

50.0 

0. 02i2 

227.9 

16.3 

61.8 

(17) 

2000 

70.0 

-- 

0.2 

12.  1 

79.8 

(17) 

50.0 

0.52 

6.7 

19.2 

87.6 

(17) 

20.0 

0.004 

261. 6^a> 

2.4 

— 

(17) 

1600 

40  0 

-- 

1.7 

44.8 

90.4 

(17) 

35.0 

0. 19 

74.9 

32.8 

86.4 

(17) 

33.5 

0. 027 

379.4(a) 

15.3 

— 

(17) 

WQU 

35.0 

0.35 

50.5 

92.3 

(17) 

31.0 

07  5 

5.8 

ft 

3.9 

Ann  ofal 

UfcU.  1 

45.6 

89.7 

(17) 

*i  »  »  • 

22. 4 

(!■) 

2000 

30.0 

— 

0.3 

48.3 

79.7 

(17) 

25. 0 

6.0 

4.4 

51.7 

86.7 

(17) 

18.0 

0.023 

280.0(a) 

12.6 

-* 

(17) 

1600 

70.0 

0.031 

133.0 

17.  1 

72.7 

(17) 

1800 

65.0 

0.037 

94.o 

18.0 

83.6 

(17) 

48. 0 

0.003 

550.0 

12.8 

51.7 

(17) 

45.0 

0.0014 

335. 8<a> 

3.2 

~ 

(17) 

2u00 

30.0 

0.0042 

257.2 

10.3 

39.6 

(17) 

27.0 

0.009 

501.2 

11.  5 

6.8 

(17) 

25.0 

0.0062 

335. 

-- 

-- 

(17) 

1600 

34.  C 

0.037 

223.0 

26.0 

61.1 

(17) 

1800 

29.0 

0.32 

82.3 

63.2 

83.4 

(17) 

2000 

20.0 

0. 11 

221.1 

32.8 

88.2 

(17) 

2400 

15.0 

3.80 

3.2 

37.2 

83.8 

(19) 

10.0 

0.005 

95.4 

15.6 

90.6 

(19) 

1000 

85.5 

— 

(b) 

12.0 

84.5 

(36) 

76.0 

Nil 

260. 4(c) 

0.47 

-- 

(36) 

1200 

82.6 

(b) 

12.0 

82.1 

(36) 

18.  5 

0.0016 

255. 4(c) 

1.33 

-- 

(36) 

1400 

76.0 

«- 

(b) 

12.0 

73,1 

(36) 

70.0 

o.OU 

254.7 

15.2 

72.1 

(36) 

0.  6ft  Ti.  stress  relieved 
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TABLE  A-62  (Contnucd) 


Composition  and 
Condition 

lemptrature, 

Stress, 

Cre» o  Rate, 
per  7 

f 

Rupture 

T*me, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Reference 

0.  5%  Ti,  stress  relieved 

lfcOO 

S5.0 

C.  6 

i4.9 

86.8 

(36) 

(Continued) 

75.0 

.22 

18.2 

17.4 

88.3 

(36) 

70.0 

0. 031 

138.0 

17.1 

72.7 

(36) 

66. 0 

0.03 

171.0 

17.5 

77.6 

(36) 

1800 

70.0 

3.2 

1.0 

16.5 

83.2 

(36) 

60.0 

0.21 

27.6 

18.5 

88.0 

(36) 

55.0 

0.037 

94.6 

18.0 

83.6 

(36) 

50.0 

0.012 

227.9 

16.3 

61.8 

(36) 

48.0 

0.  oor  c:t. 

550.0 

12.8 

51.7 

(36) 

45.0 

0. 0014 

910.0(c> 

3.22 

-- 

(36) 

2000 

70.0 

-- 

0.2 

12.1 

79.8 

(36) 

50.0 

0.52 

6.7 

19.2 

87.6 

(36) 

30.0 

0. 0042 

259.2 

10.3 

39.6 

(36) 

27.0 

0.009 

501.2 

11.6 

6.8 

{■>'.) 

95.  A 

ft  ftftAO 

235, 

o 

u 

-- 

(36) 

20.0 

0.004 

261.6(c) 

1.4 

-- 

(36) 

0.  '>*$>  T i.  retrystalhzed 

1000 

38.0 

Nil 

256.  l(0 

8.54 

(36) 

1200 

38.0 

0.0004 

2 16.  4(c) 

8.62 

.. 

(36) 

36.0 

0. 0006 

232.4(c) 

36.8 

(36) 

1400 

35.  C 

0.017 

402.  S(c> 

15.9 

- 

(36) 

1600 

40.0 

-- 

1.7 

44.8 

90.4 

(36) 

35.0 

0.  19 

74.9 

32.8 

86.4 

(36) 

34.0 

0.037 

223.  C 

25.0 

61.1 

(36) 

33.5 

0.027 

379.4(c) 

15.3 

— 

(36) 

1800 

35.0 

-- 

0. 35 

50.5 

92.3 

(36) 

31.0 

5.8 

3.9 

45.6 

89.7 

(361 

21).  C 

0. 32 

82.3 

63.2 

89.4 

(36) 

27.5 

0.014 

328.7(,) 

22  4 

— 

(36) 

2U00 

30.0 

-- 

0.3 

48.3 

89.7 

(36) 

25.0 

6.0 

4.4 

61.  7 

86.7 

(36) 

20.  o 

0. 11 

221.1 

32.8 

88.2 

(36) 

18.0 

0. 023 

280.0(c) 

12.6 

-- 

(36) 

2400 

5.0 

C.013 

258.9 

4.2 

5.8 

(36) 

■1.0 

0. 002'» 

834.4(c) 

1.90 

--- 

(36) 

2.0 

0.0003 

361.0(c) 

0. 188 

-- 

(36) 

1.0 

0  30011 

700.3(c) 

0.077 

(36) 

(a)  1  cst  discontinued. 

(b)  Value  attained  on  loading. 

(c)  Estim  ted. 
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TABLE  A-63.  CREEP  AND  STRESS-RUPTURE  PROPERTIES  OF  RECRYSTALLIZED  ARC-CAST 
MO-0.5T!  BAR  (3/8-INCH  DIAMETER)  IN  ARGON^X'-**) 


Temperature. 

F 

Stress 

1000  psi 

Tune,  nun,  to  Produce  Indicated 

Amount  of  Deformation 

ISi  Q“A>  5%  Rupture 

Elongation, 
per  cent 

2100 

iu.O 

35.2 

112.0 

__ 

12.0 

•  ' 

3.8 

200.0 

-- 

— 

19.5 

123.0 

-- 

-- 

-- 

20.0 

2.2 

6.5 

104.0 

25 

2600 

3.5 

4.7S 

29.5 

79.0 

24 

10.0 

0.1 

0.5 

11.2 

40.0 

23 

12.0 

0.5 

1.3 

4.5 

11. 0 

23 

13.0 

0.2 

0.4 

3.0 

19.0 

25 

3000 

2.0 

38.0 

77.0 

244.0 

390.0 

__ 

2.5 

36.0 

60.0 

111.0 

127.0 

18 

3.0 

3.0 

7.5 

19.5 

31.2 

23 

(a)  Recrystalltzed  35  minutes  at  29G0  F.  ASTM  6. 
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FIGURE  A' 


FIGURE 


JO-1.  CREEP  AND  STRESS- RUPTURE  PROPERTIES  OF  STRESS- 
RELIEVED  AND  RECRYSTALLED  Mo-0.5Ti  AT  2000  F^37) 


A- 105 .  STRESS- RUPTURE  CHARACTERISTICS  OF  SYLVANIA 
POWDER- METALLURGY  Mo-0.5Ti  SHEET  (0.040 
INCH)  AT  2190  F(31) 


FIGURE  A-  1 
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IAB1I:  A-OI  HARDNESS  SPECiriCATIOM  TOR  WKOUC-m  AND 

RECRYSTAlllZED  ARC-CAST  Mo-li.STl  BARS'3)!'’) 


Diameter,  inches 

Minimum 

Hardiu'ss,  DPH(i>) 

Maximum 

Wrought 

Oxer  13  32  to  7 /S 

250 

310 

Over  7  8  to  1  1/8 

240 

290 

Over  1-1/8  to  1-7*8 

235 

285 

Over  1-7/8  to  2-7/8 

280 

280 

Oxer  ‘J-7/S  lo  3-1/2 

225 

275 

Oxer  3-1/2  to  4-1/2 

220 

270 

Rciivstallized 

Over  13/32  to  4-1/2 

- 

210 

(a)  Hardncs*  detcnmncd  at  nud-iadius  of  har. 
(h)  JO-k^  load. 


1900  2000  2100  2200  2300  2400  2500  2600 

I- Hour  Annealing  Temperature,  F  a-41966 

FIGURE  A-  io7.  EFFECT  OF  ANNEALING  TEMPERATURE  ON  THE 
ROOM-TEMPERATURE  HARDNESS  OT  Mu-O.  ST.(}8) 
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TABI.F  A-65.  BEND-DUCT1L1T  Y  REQUIREMENTS  FOR  ARC-CAST  Mo-0.  STl 
PLATE  AND  SHEET<a> 


Direction  of  Bend  Axis 

Bend  Radius  Value,  T 

Maximum  Typical 

Piatc,  up  to  0.2S0Incli(9) 

Parallel  to  rolling 
Transverse  to  rolling 

3  1 

3  1 

Sliced*0) 

Parallel  to  rolling 
Transverse  to  rolling 

2  0 

2  0 

(a)  3/1  by  2-inth  specimens.  Moderate  loading  rate. 


TABLE  A-6G  BEND-TEST  DATA  FOR  Mo-O.nTi  SHEFT  (1/1G  L\'CH)(Z1> 


Carbon  Content, 
weight  per  cent 

Condition 

Specimen 

Orientation^3),  degrees 

Temperature,  F,  for 
Indicated  Bend  Ancle 

10  Degrees  90  Degrees 

Bend  Angle  at 
76  F,  degrees 

0.01G 

As  rolled 

90 

SO 

188 

22 

Stress  relieved 

90 

230 

260 

0 

Rccrvstalhzcd 

90 

ll>3 

322 

1 

0.013 

As  rolled 

90 

10 

J50 

69 

Stress  relieved 

90 

-7  6 

140 

76 

Recrystallized 

90 

e 

SO 

131 

0. 04  o 

As  roiled 

0 

185 

200 

0 

Stress  relieved 

0 

84 

15S 

5 

RccrystalUzed 

0 

n<»r» 

3iu 

0 

As  rolled 

90 

228 

3  62 

0 

Stress  relieved 

90 

90 

324 

8 

Recrvstalhzcd 

90 

228 

362 

0 

0.047 

As  rolled 

0 

155 

392 

0 

Stress  relieved 

0 

2S0 

J7i> 

0 

Rccrystalhzed 

0 

234 

360 

0 

As  rolled 

90 

280 

>420 

0 

Stress  relieved 

90 

177 

320 

0 

Kecrystalhzcd 

90 

280 

>420 

0 

(a)  Orientation  of  Ic  tg  dimension  with  rolling  direction. 
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FIGURE  A- 108.  EFFECT  OF  TEMPERATURE  AND  AMOUNT  OF  SURFACE 
REMOVED  BY  CHEMICAL  MILLING  ON  THE  BEND 
PROPERTIES  OF  STRESS-RELIEVED  Mo-0.5Ti  SHEET 
(0.062  INCH,  INITIALLY)  <34) 

Stress  relieved  15  minutes  at  2100  F.  Specimens  cut 
parallel  to  rolling  direction.  0.047%  carbon. 


L 
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TABLE  A-67  EFFECT  OF  TEMPERATURE ON  THE  COMPRESSIVE 
YIELD  St  RENvsTH  OF  ARC-CAST  Mo-0  ETi  BAR 
(3/4-INCH  DlAMETER)(a)(32) 


Temperature,  F 

Compressive  Yield  Strength 
(0.2ft  Offset),  1000  psi 

RT 

112.8 

400 

b6. 1 

E00 

84  2 

800 

80.2 

1000 

79.6 

1200 

77.7 

1400 

73.2 

1600 

69.8 

1800 

66.2 

2000 

60.5 

2200 

19.9 

2400 

11.95 

(a)  Tested  in  argon  at  it.  05  inch  per  minute. 


TABLE  A-68  EFFECT  OF  STRAIN  RATE  AND  TEMPERATURE  ON  THE  COMPRESSIVE 
YIELD  STRENGTH  OF  RECRYSTALLIZED  ARC -CAST  Mo-0.  STt  BAR 
(3/8-INCH  DIAMETER)  IN  ARGON(»X24) 


Temperature,  F 

Strain  Rate, 
in. /in.  /min 

Compressive  Yield  Strength 
(0.2ft Offset),  10^0  psi 

RT 

0.002 

57.  6/48. 2^ 

0.2 

74.9/68.2 

1200 

0.002 

15.2 

0.2 

15.0 

2100 

0.002 

12.28 

0.2 

10.47 

2600 

0.002 

10.37 

0.2 

8.7G 

3000 

0.0C2 

3.30 

0.2 

4.84 

(a)  Rccrystalliacd  35  minutes  at  2900  F,  ASTM  6. 

(b)  Upper  yield  strer.gth/lowcr  yield  strength. 
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TABLE  A-69. 


EFFECT  OF  TEMPERATURE  ON  THE  SHEAR  STRENGTH  OF 
ARC-CAST  Mo-0.5Ti  SHEEt(30> 


Shear  Strength,  1000  psi 


Temperature,  F 

0.015  Inch  Sheet 

0. 060  Inch  Sheet 

-100 

109 

61 

-so 

106 

86 

0 

100 

85,  88 

32 

91 

92 

75 

84 

87 

200 

07,  72 

08,  73 

400 

70 

67 

600 

04 

66 

800 

03 

57 

1000 

60 

57 

1200 

58 

52 

1400 

54 

52 

1000 

49 

48 

1800 

46 

43 

A- 1 70 
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FIGURE  A- 109.  COMPLETELY  REVERSED  SHEET- BENDING  FATIGUE 
PROPERTIES  OF  STRESS- RELIEVED  Mo-0.5  Ti 
SHEET  <0.020  INCH)  AT  ROOM  TEMPERATURE*.*0) 


Analyses  0.46%  Ti  and  0.02%  C. 
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4.  Metallurgical  Properties 

a.  Fabricability  :•  initial  breakdown  of  as-cast  ingots  is  usually  done  by  extrusion, 

practice  for  the  production  of  sheet  material  having  the  b->st 
combination  of  properties  includes:  (1)  roll  hot-forged  sheet  bar 
at  2200  F  to  final  mold  out,  (2)  told  work  at  1600  F  up  to  90  per 
cent,  and  (3)  c.oss  roll  final  75  per  cent  from  stress-relieved 
mold  out(41);  recommended  working  temperature  after  extrusion 
is  illustrated  in  Figure  A-110 

b.  Transition  temnerature:  for  as-rolled  powder-metall’  gy  sheet  (0.  040  inch)^ 

Ductile-Brittle  Transition 
Temperature,  C 

Direction  Range  Average 

Longitudinal  <-75  to  -25  <-40 

Transverse  -25  to  0  >-17 

Tables  A-70  and  A-71 
Figure  A- 1  1 1 

c.  Weldability:-  can  be  readily  welded  by  most  standard  welding  techniques,- 

properly  welded  arc-cast  material  will  exhibit  better  characteris¬ 
tics  (less  spatter,  sounder  weldments)  than  unalloyed  molybdenum  — 
this  is  thought  to  be  associated  with  the  gettering  action  of  titanium,, 
welds  are  room -temperature  duciilcl4^ 

d.  Stress-relief  temperature:  1/4  hoar  at  2190  F  for  bar  {7/  16-inch  diameter)^); 

1/4  to  1  hour  at  2000  to  2100  F  for  sheet  (1/  i6 
inch)(^i 


e.  Recrystallization  temperature:  Figures  A- 1 12  through  A.- 1 16 
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FIGURE  A-  !  1C.  APPROXIMATE  RECOMMENDED  WORKING  TEMPERATURES 
FOR  CORRESPONDING  AMOUNTS  OF  HOT-COLD  WORK  FOR 
ARC-CAST  Mo-0.5Ti(42> 
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TABLE  A-70  EFFECT  or  HEAT  TREATMENT  ON  THE  TRANSITION  TEMPERATURE  AND  NO!  Oil  SENSITIVITY 
OF  Mo-0.  6Ti  BAR(33) 


Condition 

Ducuhtv  1  ransitton  Temperature,  C 
Unnotched  Notched  (Kt»  J) 

Difference  Between  Notch  and 
Unnotched  Ductility 

Transition  Temperature,  \C 

As  wrought  (2 97*) 

160 

300 

160 

As  wrought 

-26 

176 

200 

Low  temp,  stress  relieved 

-60 

100 

160 

High  te:::p,  stress  relieved 

-60 

17a 

226 

Recr>stalhzcd  (small  grain) 

soOO 

200 

16C 

Recr>stallized  (medium  jrain) 

200 

325 

126 

Rcci>stallizcd  (large  grain) 

200 

326 

126 

(a)  Approximate  minimum  of  plateau. 


TABLE  A-ll.  BEND-1  RANS1110N  TEMPERATURE  REQUIREMENTS  FOR 
ARC -CAST  Mo-O.STl  PLATE  AND  SHEET 


Direction  of  Bend  Ams 

Bend  Transition  Temperature,  F 

Maximum 

1  xpical 

Plate,  up  to  0.260  Incl/**) 

Parallel  to  rolling 

100 

70 

Transverse  to  rolling 

300 

7u 

Shuaf10) 

Parallel  to  rolling 

10.0 

o6 

Transverse  to  rolling 

100 

t>6 

(a)  Bend-tr^mon  temperature  is  defined  as  the  minimum  temperature  at  whuh 
a  jpeumen  will  tx*nd  through  105  degrees  with  a  moderate  variable  loading 
rate  over  a  IT  radm$  without  failing. 
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Temperature,  C 


FIGUK  E  A- 1 1 1 .  IMPACT  (V-NOTCH)  TRP  NSITION 
BEHAVIOR  OP  Mo-0.  5Ti<17' 


0.  46%  titanium. 


RecrystcHlization,  percent  Recrystollization,  percent 


o  Rolled  ot  2200  F 


FIGURE  «-lia.  RECRYSTALLIZATION  BEHAVIOR  AS  A  FUNCTION  OF  TIME 
AND  TEMPERATURE  FOR  Mo-0.5Ti  BARS  ROLLED  TO 
INDICATED  REDUCTIONS^44) 


0.020'i)  carbon. 
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FIGURE  A-l  13.  EFFECT  OF  DEFORMATION  ON  THE  MINIMUM 
TEMPERATURE  FOR  COMPLETE  KECRYSTAL- 
LIZATION  OF  ARC-CAST  MOLYBDENUM*42) 


FIGURE  A-l  14.  ANNEALING  CURVE  FOR  ^RC-CAST  Mo-0.  5T.  BARU6) 

1/4  hour  at  temperature,  hydrogen  atmosphere,  air  cooled. 

Arc-melted  ingot  swaged  to  7 / 1 6-inch-diameter  bar. 
Working  temperatures  generally  above  600  C. 

Element  Weight  Per  Cent 


c 

0.  012 

o 

'0.  0020 

N 

0.  001 

H 

0.  0006 

Ti 

0.  5 

Ta 

<0.  2 

W 

<0.  1 

Others 

<0.  06 
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FIGURE  A-  1 1 5 .  ANNEALING  CURVE  FOR  ARC-CAST  MOLYBDENUM  SHEET<16) 

1/4  hour  at  temperature,  hydrogen  atmosphere,  air  cooled. 

Arc-melted  ingot  rolled  to  0.  065-inch  sheet.  Working 
temperatures  generally  above  600  C. 

Element  Weignt  Per  Cent 


c 

0.  020 

0 

0.  0042 

N 

0.  001 

H 

0.0005 

T: 

0.  5 

Ta 

<0.2 

W 

<0.  1 

Others 

<0.  05 

FIGURE  A- !lo.  RECRYSTALLIZATION  BEHAVIOR  OF  POWDER-METALLURGY 
Mo-0.  5T:  bHEE  1  (0.  040  INCH)  AS  DETERMINED  BY 
HARDNESS  MEASURFMENTS<31) 
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Mo-0.5Ti-0.08Zr-0.03C 

Identification  of  Material 

a.  Designation:  TZM 

b.  Chemical  composition:  Table  A- 7 i 

c.  Forms  available:  billets,  bars,  plate  and  sheetU-5) 


TAEIF  A-72.  RFPRFSFUTATIVF  ANA'.Y'F''  r'7  ARC-CAST  TZM  AS 
PRODUCED  BY  CUMAX  AND  l  NIVERSAL  CYCLOPS 


Conlent,  Maximum,  weight  per  cent 


Cllmaxf1'3) 

Universal 

Element 

(a)  (b) 

Cyclop/ ^X4) 

A1 

-- 

— 

0.002 

C 

0.01-0.04 

0.01-0.03 

0.01-0.04 

Ca 

— 

-- 

0.002 

Co 

-- 

-* 

0.002 

Cr 

— 

— 

0.004 

Cu 

— 

-- 

0.002 

Fc 

0.010 

0.008 

0.010 

H 

0.0005 

0.0006 

0.001 

K 

— 

-• 

0.001 

Pb 

— 

— 

0.002 

Mg 

-- 

— 

0.002 

Mn 

-- 

— 

0.002 

Mo 

99.25  mm 

99.25  min 

99.34  by  diff 

Na 

-- 

— 

0.001 

N 

0,002 

0.002 

0.001 

Ni 

0.002 

0.002 

0.002 

O 

0.0025 

0. 0^25 

0.003 

Si 

0.008 

0.008 

0.020 

$n 

— 

— 

0.004 

T, 

0.40-0.55 

0.40-0. 55 

0.40-0.55 

W 

-- 

— 

0.005 

Zr 

0.00-G.  12 

0.06-0. 12 

0. 07-0. 120 

(a)  For  forging  billets  and  wrought  bars, 

(b)  For  sheet. 


*. 


A-184 


Physical  Properties 

a.  Malting  point  -4730  Fi5> 

b.  Density:  0.  367  lb /in.  J  (calculated) 

*•  Mechanical  Properties 

a.  Tenaile  Propertiea  at  Room  Temperature 

Ultimate  tensile  streugth:  Tables  A-73  through  A-78 

Figures  A-117  through  A-UO 

Tenaile  yield  strength:  Tables  A-73  through  A-78 

Figures  A- 118  through  A- 1*0 

Elongation:  Tables  A-73  through  A-78 

Figures  A-118  through  A- 1*0 

Reduction  in  area;  Table  A-77 
Figure  A-118 

Modulus  of  elasticity:  Table  A-78 

b.  eXfect  o{  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Tables  A-79  through  A  86 

Figures  A- 1*1  through  A- 1*6  and  A- 1*8 

Tensile  yield  strength;  Tables  A-79  through  A-86 

Figures  A- 1*1  through  A- 1*5  and  A- 1*8 

Elongation:  Tables  A-79  and  A-80  and  A-84  through  A-86 
Figutv  A-1Z1  through  A-IZ5  and  A-l*7 

Reduction  in  area;  Tables  A-79  and  A-80 

Figures  A-l**  and  A-' *4 

Modulus  ol  elasticity:  Tables  A-81  through  A-86 

Figures  A-l*l  and  A-1Z9 

c*  Notched  Tensile  Properties 

Table  A-87 

d.  Creep  and  Stress-Rupture  Properties 

Tables  A-88  through  A-9* 

Figure  A-  130 
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e. 


Other  Selected  Mechanical  Properties 

Hardness:  Tables  A-93  and  A-94 

Figures  A-131  through  A-132 

Bend  ductility:  Table  A-95 

Figure  A-133 
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TABLE  A -73.  ROOM -TEMPERATURE  TENSILE-PROPERTY  REQUIREMENTS 
FOR  CUMAX  ARC -CAST  TZM  BAR S<*K2) 


Diameter, 

inches 

Minimum 
Tensile 
Strength, 
1000  psi 

Minimum  Y ield 
Strength  fO.2% 
Offset).  1000  psi 

Minimum 
Elongation  in 

1  Inch, 
per  cent 

Stress  Relieved 

Over  13/32  to  7/8 

115 

100 

18 

Over  7/8  to  1-1/8 

110 

95 

15 

Over  1-1/8  to  1-7/8 

100 

55 

10 

Over  1-7/8  to  2-7/8 

90 

80 

10 

Over  2-7/8  to  3-1/2 

85 

75 

5 

Over  3-1/2  to  4-1/2 

80 

70 

5 

Recrysullized 

Less  than  2 

80 

55 

20 

2  to  4-1/2 

75 

45 

10 

(a)  Test  rate  0. 002  to  0.005  inch  per  inch  per  minute  through  0. 6  per  cent 
offset,  then  0.02  to  0.05  inch  per  inen  per  minute  to  failure. 


TABLE  A-74.  TYPICAL  ROOM-TEMPEKATURE  TENSILE  DATA  FOR  ARC-CAST 
STRESS -RELIEVED  TZM  ROUND  BAR  PRODUCED  BY  CLIMAX^*6) 


Diameter, 

inches 

Average 

Tensile 

Strength, 

1000  psi 

Average  Yield 
Strength 
(0. 2ft  Offset), 

1000  psi 

Elongation 
in  1  Inch, 
pet  cent 

1/2 

134 

121 

27 

5/8 

126 

121 

27 

3/4 

127 

110 

27 

1 

128 

109 

25 

1-1/8 

122 

103 

5-5 

1-1/4 

115 

103 

22 

1-1/2 

110 

96 

20 

0 

104 

88 

19 

2-3/4 

96 

82 

21 

(a)  Cold  Water  Production  Facility.  All  data 'torn  6-inch-diameter  arc-cast 
ingots  covering  a  2-year  period.  Material  stress  relieved  1/4  to  1  hour  at 
2200  to  2350  F.  Test  rate  0.002  inch  per  inch  per  minute  in  the  elastic 
range,  then  0.05  inch  per  inch  per  minute  to  fracture. 


TABLE  A-73.  ROOM -TEMPERATURE  TENSILE -PROPERTY  REQUIREMENTS 
FOR  UNIVERSAL-CYCLOPS  ARC-CAST  TZM  SNEErW) 


Maximum 

Minimum 

Tensile 

Maximum  Yield 

Elongation  in 

Test 

Strength, 

Strength  (0.23b 

2  Inches. 

Direction 

1000  pst 

Offset),  1000  pst 

per  cent 

Longitudinal  ISO  140  8 

Transverse  150  140  6 


(a)  Test  rate  0.  OS  inch  pe.  inch  per  minute. 


TABLE  A-76.  ROOM -TEMPERATURE  TENSILE-PROPERTY  REQUIREMENTS  FOR 
CLIMAX  ARC-CAST  TZM  SHEEtMO) 


Thickness. 

inch 

Minin  utn 

Tensile  Minimum  Yield 

Strength.  Strength  (0.23L 

1000  psi  Offset),  1000  psl 

Elongation  in 
2  Inches, 
per  cent 

Type  ltb) 

0.010  to  0.025,  inch 

140 

115 

4 

Over  0.025  to  0.060,  ire). 

135 

110 

5 

Ovet  0.060  to  0.090.  inch 

130 

105 

7 

Over  0. 090  to  0. 187,  mcl. 

130 

105 

8 

Type  2(c) 

0.010  to  0.025,  incl. 

120-145 

10U-135 

6 

Over  0.025  to  0.060,  inch 

120-145 

100-135 

7 

(?)  Tested  transverse  to  the  final  rolling  direction. 

(b)  This  type  sheet  is  especially  recommended  where  the  highest  room- 
temperature  and  elevated-temperature  properties  arc  required. 

(O  This  type  sheet  is  suggested  where  a  somewhat  lower  level  of  strength  and 
slightly  higher  elongation  are  required  in  order  to  limit  the  strain  hardening 
induced  by  further  fabrication. 
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TABLE  A-77.  ROOM -TEMPERATURE  TENSILE  PROPERTIES  OF  TZM  ROD,  BAR,  AND  SHEET 


Composition 

Tensile 

Yield 

Reduction 

(Balance  Molybdenum). 

Strength, 

Strength, 

Elongation, 

in  Area, 

Material 

weight  per  cent 

Condition 

1C00  psi 

1000  psi 

per  cent 

per  cent 

1/2  inch 

1/2  inch 

1/2  inch 

0.44Ti-0.07Zr-0. 019C 
0.44T>O.O7Zr-O.Gl9C 

0. 441i-O.07Zr-0.0l3C 

As  rolled 

Stress  relieved 
Rcrrystallizcd 

6/8  inch 

6/S  inch 

6/S  inch 

S/S  inch 

6/S  inch 

0.4(JTi-0.07  1Z:-G.017C 
0.46T  i-0.074Zr-0.Cl7C 
0.4oTi-0.074Zr-0.0l7C 
D.46Ti-0.074Zr-0.0l7C 
0.46T:-0.074Zr-0.0!7C 

As  rolled 

Sticss  relieved 

Stress  relieved 
Kecrvstallizcd 

Recrvstailized 

5/8  inch 

0. 49Ti-0. 07Zr-0.022C 

Stress  reiievca 

11/16  inch 
11/16  inch 

0.49T  i-0.07Zr-0. 019C 

0. 43T  :-0.07Zr-0. 019C 

Stress  relieved 

Stress  relieved 

>1/4  inch 

0.49Ti-0.07Zr-0.ftioc 

As  relied 

>1/4  inch 

0.49T  i-O.O  lZr-0.02CC 

As  rolled 

2  inch 

0.49Ti-4.07Zr-0.022C, 

Stress  relieved 

1  x  4  inth 

1  x  4  inch 

0. 49Ti-0.07Zr-0. 01 9C 
0.49Ti-0.07Zr-0. 0J9C 

As  .-oiled 

As  soiled 

Slieei^ 

1/16  inch 
i / 1 G  mth 

0.57  i-O.  OTZr-C.OlOC 

0. 5T  i-0. 07Zr-0.0 19C 

As  rolled 

i\:  roli«.u 

1/16  inch 
i ' 16  inch 

0.5Ti-0.  OTZr-O.OlDC 
n.  51’i-0.07Zr-0.0]3C 

Stress  relieve  ’ 

Stress  relieved 

1/16  inch 
I/1G  inch 

o.  67  i-0.07Zr-U.010C 
0.671-0. 07Zr-O.Gl9C 

Rccrysulhzcd 

Re*  rysttlltzed 

1/16  inch 
1/16  irth 

0. 5Ti-0. 07Zr-0. 05JC 

0.  6T1-0. 07Zr-O.OWC 

As  rolled 

As  rolled 

1/16  inch 

1  / 16  inch 

0.67  i-o.07Zr-0.06lC 
0.5T1-0.  07Zf-0.0MC 

Stress  relieved 

Stress  relieved 

l/lt.  inch 
1/16  inch 

0.67  i-O.  C7Zr-0.  CMC 
0.671-0. 07Zr-0.054C 

Rccr;sUl!ucd 

Rccrysullizcd 

Ml.  6 

129.6 

21 

46 

134.3 

120.5 

20 

35 

80. 3 

77.  G 

32 

33 

126.8 

lOu.4 

26 

69 

122.7 

100. 1 

27 

63 

129.7 

100.2 

29 

62 

78.4 

49.7 

44 

36 

79.7 

76.5 

39 

38 

127.9 

102.6 

27 

69 

119.6 

104.4 

29 

42.8 

118.6 

102.3 

34 

58.1 

<i/2.  v 

O'*.  2 

21 

28 

107.1 

83.6 

31 

43 

104.4 

86.4 

IS 

17 

1S0.S<C) 

90.2  (L) 

13  (L) 

24  (L) 

!17.s;t) 

93. 1  (T) 

7  (T) 

0  (T) 

127.3  (L) 

1 14.9  (L) 

9.5(L) 

i34. 1  ( I) 

113.2  (T) 

7.5(7) 

124.3  (l) 

101.4  (L) 

13.5(1.) 

— 

126. 9  (T) 

107.9(7) 

4.5(T) 

70.3  (L) 

70.3(1.) 

•11.0  (L) 

— 

7i.7(T) 

66. 6  (7’) 

33. o ( 1 ) 

— 

178.3  (L) 

120.7  (L) 

12.0  (L) 

— 

147.3(1) 

124. ,  (T) 

4.9(T) 

:ft2. 5  (L) 

— 

0(1.) 

134.9(7) 

121.1  (T) 

10.0  (T) 

— 

65. 9  (L) 

«.  1  (L) 

0.  6  (L) 

— 

62.3  (T) 

59.  S  (T) 

1.5  (T) 

— 
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TABLE  A-7S.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  T2M  FOIL 


Thickness, 

inch 

Tensile 
Strength, 
1000  psi 

Yield 

Strength. 

1000  psi 

Elongation  m 

2  Inches, 
per  cent 

Modulus 
of  Elasticity. 
106  psi 

0.002 

120.5 

107.9 

3.t> 

33.6 

0.006 

101.  7  (L) 
lOC.tiO) 

32.2  (L) 
jo.  v  n  i 

•a.  1  (L) 

3.8  (T) 

40.  1  (L) 
35.7  (T) 

0.010 

120.  B 

102.8 

8.7 

41.0 

(J)  Average  data  from  five  tests.  Ter.  rat,  o.Oed  ..tell  per  inch  per  minute  to  0.0  per  cent 
offict.  then  0.04  inch  per  inch  per  minute  to  failutc.  Analytes  ate  given  below. 


inch 

c 

Si 

n 

lx 

Fc 

Mo 

0_ 

jN 

T« 

VV 

0.C02 

290 

j6 

4700 

d»»u 

i5 

B.-vl 

.. 

» - 

- 

- 

70 

290 

35 

4300 

720 

I’w 

ill’ 

2 

3 

!(.(» 

0.010 

1-10 

.15 

4500 

f*:o 

15 

Bal 

14 

7 

o 

100 

70 
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Tensile  Strength,  1000  pv 


FIGURE  A- 117.  RELATIONSHIP  BETWEEN  TENSILE  STRENGTH  AND 
HARDNESS  OF  CLIMAX  ARC-CAST  TZM  BAR<5> 


Stron 


FIGURE  A- 118.  TYPICAL  ROOM-TEMPERATURE  STRESS-STRAIN 
CURVE  OF  CLIMAX  ARC-CAST  ROLLED  TZM  BAR 
(11 /16-INCH  DIAMETER)^) 
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FIGURE  A- 119. 


EFFECT  OF  ROLLING  REDUCTION  ON  THE  ROOM-TEMPERATURE 
TENSILE  PROPERTIES  OF  STRESS-RELIEVED  TZM  SHEET*11) 


Test  rate  0.  001  inch  per  inch  per  second  to  yield,  and  0.  01  inch  per 
inch  per  second  to  fracture. 


FIGURE  A- 120.  EFFECT  OF  INITIAL  ROLLING  TEMPERATURE  ON 
THE  ROOM-TEMPERATURE  TENSILE  PROPERTIES 
OF  STRESS-RELIEVED  TZM  SHEET*11) 
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TABLE  A-79.  TENSILE  PROPERTIES  OF  FORGED  TZM  AT  3000  F(12) 


Forging 

Temperature, 

F 

Torging 
Reduction, 
per  cent 

Condition^*) 

Tensile 
Strength, 
1000  psi 

Y  leld  Strength 
(0.29>Oiftet), 

1000  pit 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Reduction  in 
Width, 
per  cent 

1900 

20 

Rex 

1C.  6 

11.0 

31 

>luu 

24 

40 

Rex 

11.6 

7.8 

47 

>100 

36 

50 

Rex 

12.1 

8.5 

39 

>100 

32 

70 

Rex 

13.2 

8. 6 

37 

>100 

32 

20 

AF 

12.5 

9.6 

33 

>100 

:n 

40 

aF 

11.6 

8.5 

40 

>100 

43 

50 

AF 

12.0 

8.4 

25 

>100 

20 

70 

AF 

12.2 

7.6 

44 

>100 

48 

1400 

20 

Rex 

13.4 

11.9 

34 

>100 

32 

40 

Rex 

17.4 

11.4 

21 

>100 

33 

50 

Rex 

11.3 

9.4 

10 

20.0 

8 

60 

Res 

12  7 

9.  C 

36 

>100 

40 

20 

AF 

13.8 

11.4 

2J 

>100 

24 

40 

AF 

12.  C 

8.4 

29 

>100 

24 

50 

AF 

12.7 

10.0 

35 

>100 

37 

(a)  Rex  =  rccr\ jialljzcd 
AF  *  as  forged. 
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TABU  A-80.  EFFECT  Of  TEMP EKA TUBE  ON  THE  TENSILE  PBOPEJtTIES  OF  T2M  BOO  AND  SHEET 


Size. 

loch 

Coai  position 
(Balance  Molybdenum), 
weight  pet  cent 

Condition 

Ten  perai  me, 

F 

Tensile 
Strength. 
1000  pel 

Yield 
Strength. 
1000  psl 

Elongation 

percent 

Reduction 
in  Area, 
per  cent 

BorfP) 

1/2 

0.44Ti-0.07Zr*  0.019C 

As  tolled 

2600 

88.  i 

45.3 

21 

46 

1/2 

0. 44T 1-0. 07Zr-0.  019C 

Stress  relieved 

1600 

82.6 

52.7 

25 

74 

1/2 

0.44Ti-0.07Zr-0.019C 

Recrystallized 

1C00 

32.5 

5.5 

36 

87 

5/8 

0.46Ti-0.074Zr-0.017C 

Sties*  relieved 

1800 

85.5 

16 

73 

5/8 

0.46Ti-0.074Zr-O.OI7C 

RectystalUzed 

1800 

41.7 

17.9 

35 

62 

11/16 

0.49Ti-0.07Zf  0.019C 

Sires*  relieved 

1800 

76.1 

66.3 

18 

66 

11/16 

0.4971*0.  07Zr-0.  019C 

Stress  relieved 

1800 

77.3 

75.4 

15 

71.3 

11/16 

0.49Ti*C.07Zt-0, 019C 

Sties*  relieved 

2000 

73.1 

67.7 

17 

80.8 

11/16 

0.49Tl-0.07Zr*0. 019C 

Stres*  relieved 

2000 

71.4 

63.8 

18 

85.4 

5/8 

0.46T1-0.074ZI-0.019C 

Stress  relieved 

2400 

53.9 

__ 

31 

96 

5/8 

0.46Tl-0.074Zr*0.019C 

Recrystallized 

2400 

23.4 

— 

69 

96 

11/16 

0.49Tl*0.07Zt*0. 019C 

Stres*  relieved 

2400 

54.4 

42.0 

26 

91.6 

11/16 

0.49Tl-0.07i.f  0.013C 

Stress  relieved 

2400 

53.5 

39.3 

29 

93.3 

5/8 

0.46T1-0.074Z:-0.019C 

Rolled  zad  swaged 

3000 

14.05 

-• 

50 

99 

5/8 

0.4CT1-0.074Z  -0.019C 

Rolled  and  sw-ged 

3500 

4. 18 

-- 

66 

99 

MjC£ 

1/16 

0.5Tl-0.07Zt-0.0l9C 

As  tolled 

1800 

79.6(1) 

.. 

s.o  a> 

1/16 

0.  ST1-0. 07Zr*0. 0 19C 

As  tolled 

1800 

M.S(T) 

- 

3-0  CT) 

1/16 

0.5Ti-0.07Zf0.054C 

As  tolled 

1800 

79.8  (L) 

43.4  p.) 

10.0(1) 

1/16 

0.  STl-0.07Zt-0.054C 

As  tolled 

1800 

83.3  (T) 

50.9  (T) 

1/16 

0. 5Ti-0.07Zr-0.019C 

Stress  relieved 

1800 

79.6(1) 

.. 

4.0  (L) 

1/16 

c.  STl-0. 07Zf0.019C 

Stress  relieved 

180C 

82.4  m 

8.0  (T) 

1/16 

0.  STl-0.07Zt-0.05iC 

Stress  relieved 

1800 

83-4  (L) 

52.0  p.) 

10.0  (L) 

1/16 

0. 5Tl*0.07Zr*0. 054C 

Stress  relieved 

1800 

89.2  (T) 

74. 1  (T) 

2.0  (T) 

1/16 

0.  ST1  *0. C7Zr- 0. 0 19C 

Recrystallized 

1800 

45. 5  a) 

.. 

18.0(C) 

1/16 

0.  STl-0. 07Zt-0.019C 

Recrys  tainted 

1800 

41. 6  (T) 

— 

14.0  fT) 

1/16 

0.  STl-0.  07Zf0.05*C 

Recrys  talllzed 

1800 

39.2(1) 

15.0  a> 

14.0  p.) 

1/16 

O.STi-0.07Zr-0.054C 

teciyiuUUed 

1600 

32.7  (T) 

16.8  (T) 

i:.0(T) 

1/16 

u.  a*  1-0. 07Zr-0.0 19C 

Stress  relieved 

2400 

3».3<L) 

— 

9.  Op.) 

1/16 

o.  5Tl-0.07Zr-0.019C 

Stres  relieved 

2400 

46. 6  (T) 

13.0  0) 

1/16 

0. 5T1  *0. 07Zt*0. 054C 

Stress  relieved 

2400 

27. 9 (L) 

.. 

26.5 p.) 

1/16 

0. 5Tl-0.07Zt-0.054C 

Stress  relieved 

2400 

30.4  (T) 

-- 

18.0(T) 

1/16 

O.STi-0.07Zt-0.019C 

RectystalUzed 

2400 

22. 1  p.) 

7.8  p.) 

26.0  a) 

1/16 

«  5Tl-0.07Zt-0.019C 

RectystalUzed 

2400 

22.9(T) 

10. 6  (T) 

32.0  (T) 

1/16 

0,STI-0.07Zt*0.054C 

RectystalUzed 

2400 

17.3(1) 

10.6(1) 

61. 5  (L) 

1/16 

0.  STl-0. 07Zf0.054C 

RecryiiiHtted 

2400 

20.3  (T) 

10.7  CT) 

51.0  (T) 

I 
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TABLE  A-81.  TENSILE-PROPERTY  REQUIREMENTS  FOR  CLIMAX  TYPE  1 
ARC -CAST  TZM  SHEET  AT  2200  F(»)(J) 


Minimum 

Minimum 

Tensile 

Minimum  Yield 

Elongation  in 

Thickness, 

Strength, 

Strength  (0.2% 

1  Inch, 

inch 

1000  psi 

Offset),  1000  psi 

per  cent 

0.010  to  0.025.  incl. 

50 

25 

5 

Over  0.02S  to  0.060,  incl. 

50 

25 

6 

Over  0.060  to  0.090,  incl. 

50 

25 

8 

Over  0. 090  to  0. 187,  incl. 

50 

25 

10 

(»)  Tested  transverse  to  the  final  rolling  directions  Type  1  sheet  is  especially  recommended 
where  the  highest  room-temperature  and  elevated-temperature  properties  are  required. 


TABLE  A-82.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF 
SYLVANIA  POWDER-METALLURGY  TZM  SHEET113) 


Temperature. 

F 

Tensile 

Strength, 

10C0  psi 

Yield 

Strength, 

1000  psi 

Elongation, 
per  cent 

0.060Inch<a) 

RT 

131 

117 

14 

128 

113 

>10 

2400 

5! 

48 

12 

61 

53 

7 

3000 

9 

5 

61 

10 

8 

59 

0.040  Inch 

2400 

65 

59 

6 

72 

68 

7 

fx')  Anritaled  }  hour  xt  27.70  F. 
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TABLE  A-83.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF 
STRESS-RELIEVED  TZM  SHEET  (0.045  IN  CH/'X^) 


Temperature, 

F 

Tensile  strength, 

1000  psi 

V  ield  Strength 
(C.  Vb  Offset), 

1000  psi 

Elongation  in 
3/4  Inch, 
per  cent 

RT 

124.5 

113.5 

15 

143.  S 

129.9 

12.5 

1000 

92.1 

85.5 

6.2 

92.4 

86. 8 

7.5 

1600 

83.1 

70.6 

5.0 

87.5 

— 

11.2 

2200 

54.6 

47.7 

10.6 

4  J.  6 

34.0 

2.5 

2500 

21.8 

13.6 

48.8 

31.8 

26.6 

15.0 

(a)  Stress  relieved  1  hour  at  2200  F.  Test  rate  0.005  inch  per  inch  per  minute  to  yield, 
then  0.03  inch  pei  inch  per  minute  to  fracture.  Nominal  carbon  Cv.itent  0.04  per 
cent. 
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TABLE  A-84.  SUMMARY  OF  IMPORTANT  CONVERSION  VARIABLES  FOR  TZM 
SHEET  DATA  PRESENTED  IN  TABLE  A-86 


Cnnver*irvn  Variable* 


Reduction 


Sheet 

Identity 

Forging 

Techniques 

Initial 

Re-1  ling 
Tcmj>eraiure, 

F 

Final 

Rolling 

Temperature, 

r 

Number 

Inter¬ 

mediate 

Anneals 

After  Last 
Recry  stal- 
Iizauon, 
per  cent 

Sheet 

Thickness, 

inch 

Heat-7  real 
Condition^3' 

Hatdncs/^ 

DPI! 

A-i 

Upset 

2460 

1830 

3 

65 

0.080 

Stress  relieved 

290 

A -2 

Upset 

2460 

1830 

3 

65 

0. 080 

Recrysullized 

196 

A -3 

Upset 

2460 

1830 

3 

65 

0.  CSC* 

As-rolled 

287 

B-l 

Upset 

2460 

2100 

3 

82 

0.040 

Stress  relieved 

308 

B-2 

Upset 

2460 

2100 

3 

82 

0.U4U 

Rccrvstallized 

195 

B-3 

Upset 

24  6 u 

2100 

3 

82 

0.040 

As-rolled 

301 

C-l 

Bust  &  Draw 

2460 

24t>0 

4 

20 

0. 120 

Stress  relieved 

242 

C-2 

Bust  &  Draw 

2460 

2460 

4 

20 

0. 120 

Recrystailizcd 

229 

C-3 

Bust  &  Draw 

2460 

2460 

4 

20 

0. 120 

As-rolled 

247 

C-4 

Bust&  Draw 

2460 

2460 

4 

73 

0.040 

Stress  relieved 

292 

C-5 

Bust  &  Draw 

2460 

24  uO 

4 

73 

0.040 

Rccrystalhzcd 

216 

D- 1 

Bus  *  &  Draw 

2000 

2900 

1 

— 

0.080 

As-rolled 

299 

D- 2a 

Bust  S  Draw 

2900 

2100 

3 

$7 

r,  «oa 

Suc»  lehcvcu 

26 1 

D-2b 

Bust*  Draw 

2900 

2100 

3 

65 

0. 080 

Stress  relies  ed 

291 

D*2e 

Bust  *.  Draw 

2900 

2100 

3 

82 

0.040 

Stress  relieved 

301 

EH  - 1 

Bust  &  Draw 

2100 

2100 

o 

84 

0.088 

Stress  relieved 

325 

EH-2 

Bust  &  Draw 

2100 

2100 

2 

93 

0.040 

Stress  relieved 

324 

EH -3 

Bust  &  Draw 

2100 

2100 

o 

93 

C.  v4v> 

Rccrystallized 

201 

EGA 

Bust  &  Draw 

2900 

2100 

2 

67 

0.063 

Stress  relieved 

298 

EGB 

Bust  &  Draw 

2900 

o 

o 

Cl 

ol 

0.078 

Stress  relieved 

279 

EGC 

Bust  &  Draw 

2300 

2100 

2 

42 

C.  117 

Stress  relieved 

278 

EGX 

Bust  &  Draw 

2900 

-- 

1 

92 

0.040 

Stress  relieved 

314 

(a)  Stress  relieved  1  lit  at  19uG  F  in  hydrogen.  Rccrystallizcd  1  hr  at  2525  F  in  hydrogen 

(b)  1000-gram  load. 


TABLE  A-35,  INTERSTITIAL  ANALYSES  FOR  TZM  SHEET  DATA 
PRESENTED  IN  TABLE  A-8B 


Gas  Contents  (ppm) 

Sheet 

Identity 

Oxygen 

Hydrogen 

Nitrogen 

A-I 

16.0 

0.9 

10 

B-l 

27.0 

0.8 

13 

e-i 

5.7 

0.5 

25 

C-4 

9.5 

4.3 

15 

D-l 

62.0 

1.3 

9 

D-2c 

2.8 

0.5 

9 

EGA 

36.0 

0.5 

11 

EGX 

4.3 

3.6 

12 

EH-1 

5.5 

0.1 

9 
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TABLE  A-S6.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES  OF  TZM  SHEET^11* 


Tensile  vicld  Strength  Elongation  m  Modulus  of 

Sheet  Temperature,  Strength,  (0.2$  Offset),  1.5  Inches,  Elasticity, 

Identity  F  1000  psi  1000  psi  per  cent  10^  psi 


Senes  A 


A-l 

RT 

1?3. 4 

109.9 

20 

39.0 

A  -1 

124.0 

110.2 

21 

37.0 

A -2 

86.0 

-- 

-- 

38.0 

A -2 

85.  S 

82.2 

— 

40.0 

A -3 

139.8 

121.4 

16 

39.0 

A -3 

140.8 

121.0 

17 

38.0 

A  -1 

1000 

80.5 

72.0 

7 

33.0 

A -2 

4o.  6 

21.5 

25 

26. 0 

A -3 

93.9 

88.5 

6 

32.5 

A-l 

1500 

76. 1 

t9.5 

4.5 

35.0 

A -2 

42.2 

20.0 

26 

22.0 

A-l 

2000 

67.  1 

60.6 

4.5 

28.0 

A-l 

69.0 

o3. 1 

G 

29.0 

A -2 

35.2 

18.4 

20 

19.3 

A -3 

74.3 

68.2 

5 

29.0 

A-l 

2500 

24.4 

12.6 

18 

18.5 

A -2 

26. 6 

1G.0 

18 

16.4 

A-l 

3000 

14.7 

7.9 

24 

10.0 

A-l 

13.0 

6.9 

25 

8.9 

A -2 

12.0 

7.  6 

27 

to.3 

A -3 

14.0 

10.0 

23 

— 

Series  B 

b-j 

RT 

132.2 

108.4 

16 

42.4 

B-J 

131.2 

110.0 

17 

41.3 

B-l<b> 

146.0 

128.0 

16 

40.0 

B-l(b) 

148. 0 

132.0 

14 

40.0 

B-2 

96. 1 

'2.5 

19 

43.3 

i5-y 

97.0 

09.8 

r 

41.3 

B-3 

152.5 

122.8 

13 

41.3 

B-3 

136.  1 

118.3 

17 

45.4 

B-l 

1000 

95.8 

86.0 

3.5 

39.5 

B-l 

96.2 

86.0 

6 

38.0 

B-2 

60.  J 

24.5 

24 

37.5 

B-3 

103.6 

95.8 

2.6 

38.7 

B-I 

1000 

88.8 

82. 1 

2 

35.0 

B-l 

89.0 

81.0 

3 

38.0 

B-l 

94.0 

88.5 

3.6 

39.0 

B-2 

45.0 

23.9 

17 

35.0 

B-2 

37.5 

20.0 

16 

36.0 

B-3 

75,  .”> 

69.0 

3.5 

35.0 

Sheet 

Identity 


Temperature, 

F 
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TABLE  A-8G.  (Continued) 


Tensile 

Strength. 

1000  psi 

Yield  Strength 
(0. 2$  Offset), 
1000  psi 

Elongation  in 
1.5  Inches, 
per  cent 

Modulus  of 
Elasticity, 
10®  psi 

Sene;  8  (Continued) 

74.6 

68.9 

4 

29.0 

85.2 

77.1 

4 

31.0 

78.0 

68. 3 

5 

30.0 

33.0 

21.0 

14 

22,0 

71.2 

61.0 

5.5 

24.0 

35.2 

28.8 

10 

22.5 

27.0 

19.5 

12 

20.0 

25.0 

16.8 

20 

18.5 

25.0 

17.1 

16 

22.0 

36.0 

32.0 

18 

17.3 

42.8 

39.0 

5 

19.0 

14.0 

8.7 

24 

13.6 

13.2 

8.6 

34 

14.0 

16.0 

11.1 

21 

12.3 

13.1 

8.  b 

23 

10.0 

Senes  C 

107.0 

.. 

3 

43.1 

105.0 

92.  C 

8 

44.3 

75.0 

— 

2 

41.0 

84.0 

79.1 

1 

45.7 

111.0 

37.0 

10 

41.8 

110.0 

97.3 

4 

44.0 

125.0 

102.0 

20 

46.1 

128.0 

105.0 

15 

43.6 

99.4 

68.1 

2 1 

45.4 

102.0 

71.8 

— 

40.2 

61.5 

57.0 

12 

40.0 

58.0 

50.8 

14 

37.0 

74.  S 

73.1 

8.7 

36.0 

89.3 

82.2 

4 

39.0 

4o.  v 

26.8 

20 

36.0 

56.2 

53.8 

11.3 

35.5 

52.0 

46.2 

12.7 

34.0 

82.7 

76.0 

5 

37.5 

43.9 

22.5 

21 

32.8 

48.4 

45.5 

12 

30.0 

45.0 

40.3 

13.3 

29.5 

56.1 

54.1 

13 

23.7 

68.9 

61.8 

4.6 

31.0 

38.3 

21.2 

26 

30.0 
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TABLE 

A-86.  (Continued) 

Tensile 

Yield  Strength 

Elongation  ir 

Modulus  of 

Sheet 

Temperature, 

Strength, 

(0.2^  Offset). 

1. 5  Inches, 

Elasticity, 

Identity 

F 

1000  psi 

1000  psi 

per  cent 

10®  psi 

Series  C :  Continued) 

C-l 

2500 

38.0 

34.6 

14.7 

28.0 

C-l 

39.4 

35.7 

16.3 

28.0 

C-2 

36.8 

32.2 

14.7 

24.0 

C-3 

33.0 

33.0 

— 

21.2 

C-3 

43.2 

42.0 

13 

29.5 

C-4 

25.8 

15.8 

16.7 

26.0 

C-5 

27. 1 

16.2 

20 

24.5 

C-l 

3000 

17.3 

12.0 

20 

10.5 

C-2 

17.0 

10.9 

24 

14.5 

C-3 

18.6 

14.4 

19 

12,5 

C-4 

15.0 

8.1 

25 

16.0 

C-5 

18.8 

11.5 

19 

12.8 

Sene*  D 

D-l 

RT 

122.0 

119.0 

1.3 

42.0 

D-l 

*22. 0 

118.0 

-- 

40.0 

D-2a 

120. 0 

120. 6 

o 

4.5.  0 

D-2a 

122.0 

106.0 

19.0 

37.0 

D-2b 

124.6 

110.0 

19.0 

42.5 

D-2b(b> 

134.0 

125.5 

10.0 

39.8 

D-2b<b> 

137.0 

122.0 

17.0 

39.8 

D-2C 

132.0 

118.0 

17.0 

42.0 

D-2c 

132.0 

117.0 

15.0 

42.0 

D-l 

1000 

76.0 

71.5 

7.3 

36.0 

D-2a 

83.5 

73.0 

8.3 

39.0 

D-2b 

84.0 

76.0 

8.3 

33.0 

D-2c 

91.0 

82.0 

6.0 

33.5 

D-l 

1500 

77.9 

76.9 

4.3 

30.5 

D-l 

75.0 

72.0 

5.7 

30.5 

D-2a 

79.4 

74  7 

9.3 

30.8 

D-2b 

78.2 

72.0 

8.3 

32.0 

D-2c 

84.7 

78.0 

4.0 

35.0 

D-2c 

85.6 

79.0 

3.3 

32.0 

D-l 

2000 

63.7 

60.9 

6.7 

26.0 

D-l 

65.0 

60.5 

5.0 

29.0 

D-2a 

67.2 

63.2 

8.0 

28.0 

D-2b 

66.3 

60.0 

8.0 

30.0 

D-2c 

7s.  7 

67.3 

5.0 

30.0 

D-2c 

73.0 

67.0 

9.3 

26.5 

D-l 

2500 

60.0 

44,1 

6.7 

25.0 

D-l 

49.2 

44. 1 

7.3 

24.0 

D-l 

50.0 

44.2 

7.3 

24.6 

D-2a 

65.8 

51.8 

10.0 

24.2 

D-2b 

48.5 

41.6 

9.7 

24.5 

D-2b 

48.2 

42.1 

10.6 

24.0 
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TABLE  A-86.  (Continued) 


Tensile  Yield  Strength  Elongation  in  Modulus  of 

Sheet  Temperature,  Strength,  (0. 2^  Offset),  1.5  Inches,  Elasticity, 

Identity  F  1000  psi  1000  psi  per  cent  1C6  psi 


Senes  D  (Continued) 


D*2c 
D-  2c 
D-2c 

D-l 

D-l 

D-2a 

D-2b 

D-2c 

D-2e 


2500 


3000 


EH-1 
EH-1 
£H-i 
EH -2 
EH -2 
EH  “3 
EH -3 

fll-1 
EH -2 
eil-3 

EH-1 
EH -2 
EH -3 


EH-1 
EH-1 
Dl-2 
G1-? 
EH -3 
EH-3 


Rr 


100C 


1500 


2300 


EH-1  2500 

EH-1 

Dl-2 

cii  2 

EH-3 

EH-3 

EH-J  3000 

m-i 

GI-2 

EH-3 


30.0 

?1.8 

12.0 

24.0 

64.2 

46.3 

5.8 

23.0 

43.0 

36.2 

7.3 

21.0 

15.8 

9.4 

15 

9.2 

14.6 

9.0 

14 

12.7 

17.0 

10,5 

25 

9.8 

15.6 

9.6 

14 

13.5 

15.3 

9.4 

13.6 

14.2 

15.0 

9.1 

14.3 

13.1 

Senes  EH 

143.0 

124.0 

n 

39.0 

142.0 

123.0 

20 

44.0 

144.0 

125.0 

19 

40.5 

160.0 

151.0 

9 

40.5 

153.0 

136.0 

1*7 

37.5 

104.0 

81.0 

30 

40.0 

100.0 

78.0 

27 

40.5 

105.0 

94.0 

6.7 

38.5 

120.0 

110.0 

2.7 

39.0 

52.1 

27.5 

21.3 

37.8 

93.0 

86.4 

6.7 

31.0 

102.0 

94.7 

3.3 

33.0 

47.9 

28.6 

23.3 

28.0 

81.8 

74.5 

6.0 

24.0 

88.5 

81.9 

6.0 

26.0 

88.3 

76.2 

3.1 

28.0 

E8.2 

78.0 

3.8 

24.0 

41.0 

24.9 

16.3 

23.6 

40.8 

25.0 

13.4 

24.4 

58.9 

50.4 

7.3 

17.3 

41.0 

34.8 

9.3 

16.0 

47.5 

40. 9 

5.3 

16.5 

50.5 

41.9 

5.3 

16.8 

26.3 

16.8 

16.0 

14.0 

22.0 

13.5 

18.6 

13.3 

14. 4 

8.9 

27.3 

11.0 

14.  C 

6.  7 

26.7 

10.2 

16.4 

10. 1 

24.  5 

6.5 

12.8 

8.2 

23 

6.6 
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TABLE  A-86.  (Continued) 


Sheet 

Identity 

Temperature, 

F 

Tensile 

Strength, 

1000  psi 

Yield  Strength 
(0.2ft  Offset), 
1000  psi 

Elongation  in 

1.  5  Inches, 
per  cent 

Modulus  of 
Elasticity, 
106  psi 

denes  EG 

EGA 

RT 

132.0 

117.0 

13 

38.7 

EGA 

132.0 

118.0 

12 

40.0 

EGB 

127.0 

112.C 

— 

39.1 

ECS 

126.0 

110.0 

15 

4C.0 

EGC 

123.0 

1C7.5 

7.0 

-- 

EGA 

1000 

92.7 

83.8 

5.3 

37.9 

EGB 

90.0 

83.0 

7.5 

32.0 

EGA 

1500 

85.0 

78.5 

4 

32.1 

EGB 

78.8 

74.0 

7 

26.0 

EGC 

80.2 

78.0 

9  5 

34.0 

EGA 

2000 

73.0 

66.3 

4 

26.0 

EGA 

86.1 

80.1 

3.9 

25.7 

EGB 

76.2 

70.9 

7 

26.5 

EGC 

72.5 

68.0 

6 

28.0 

EGA 

2500 

60.8 

52.8 

5.3 

15.6 

EGA 

56.0 

47.5 

5.3 

14.0 

EGB 

63.9 

56.4 

5 

21.8 

EGC 

37.8 

33.0 

12 

20.3 

EGA 

3000 

15.0 

9.4 

26 

6.5 

EGP 

15.2 

9.0 

20 

11.0 

Senes  EGX 

EGX 

RT 

136.0 

122.0 

13 

40.0 

139.0 

124.0 

14 

40.2 

142.0 

126.0 

12 

37.8 

146.0 

130.0 

16 

40.5 

142.0 

128.0 

13 

40.0 

140.0 

12  >.0 

14 

40.5 

EGX 

1000 

101.0 

93.1 

3.3 

37.2 

99.8 

91.0 

3.3 

39.0 

sex 

toOO 

95.9 

89.0 

2.7 

34.0 

92.0 

86.6 

3.0 

35.0 

EGX 

2000 

77.3 

66.8 

3.7 

25.7 

82.5 

75.0 

3.7 

28.2 

80.0 

73.9 

2.8 

26. 0 

80.0 

73.9 

3.0 

28.8 

EGX 

2500 

51.0 

45.2 

3.9 

16.3 

59.5 

52.0 

3.8 

17.9 

57.3 

51.4 

3.3 

19.0 

46.5 

41.4 

4.3 

1.1.2 
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TABLE  A-86.  (Continued) 


Sheet 

Identity 

Temperature, 

F 

Tensile 

Strength, 

1000  psi 

Yield  Strength 
(0.2ty  Offset), 

1000  j»i 

Elongation  in 

1.  5  Inches, 
per  cent 

Modulus  of 
Elasticity, 

106  pil 

Series  EGX  (Continued) 

EGX 

3000 

16.5 

9.6 

24.7 

6.6 

15.2 

8.9 

25.3 

9.9 

(a)  Test  Conditions: 


Atmosphere 

Hold  Time  at  Temperature 
Strain  Rate  to  YS 
Strain  Rate  From  YS  to  UTS 
Method  of  Heating 
(b)  Transverse. 


Argon-Tty  hydrogen 
S  min 

0.001  in. /in.  /sec 
0.01  in.  in.  /sec 
Resistance 


Roll  at  2460  F  to  0.500  in 
Anneal  ot  2900  F  for  I  hr 
Roll  to  0.2.27  in  ot  1830  F 


Forged  Slob  annealed  for 
I  hr  of  2900  F 


O  31  1/2  in 
Hot  shear 


Anneal  at  2900  F  for  I  hr 
9  in  9  in  9  in 


o  o  o 


X-rollot  1830  F 


O  <3>  <0 


Recrystollized  ot 
2500  to  2550  F 
for  I  hr 


Stress  relieved  ot  As  rolled  Stress  relieved  ot 

1920  F  for  I  hr  1920  F  for  I  hr 
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FIGURE  A- 121.  FABRICATION  HISTORY  FOR  TZM  SHEET  FOR  WHICH 
DATA  ARE  PRESENTED  IN  TABLE  B-6-15 


A-40-1 


Senes  B 


Roll  of  2460  F  to  0  500  in 
Anneal  of  2900  F  ‘or  I  hr 
Roll  to  0  225  in  of  2100  F 


32  1/4  in 


<^>0 
Forged  slob  annealed 
at  2900  F  for  I  hr 


S'  0  220/0  228  in 

Hot  shear 

9  in  9  in 

<3>9  in 

L=J  L=J  L 

Anneal  at  2900  F  for  I  hr 


X-roll  ot  2lOO  F 


o  o  o 


O 


Recrystallized  I  hr  2500  F  to 2560  F 


As  rolled 
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FIGURE  A-1ZI.  (CONTINUED) 


A-i05 


Senes  C 


ATT) 

t=y 


Roll  at 
2460  F 


0 


0419/0422  in 


A 


Hot-forged  bar 
annealed  at  2900  F 
for  I  hr 


<3>  Cut  into  3  pieces.anneal  at  2900  F  for  I  hr 


0  220  in 


^  0  220  in  h  !  0.220  m  Jj 


Roll  at  2460  F 


Roll  at  2460  F 


0  220  in. 


X-roll  at  2460  F 

Anneal  at  2900  F  for  I  hr  ot  0.150  in  thick 
Rolled  to  size  at  2460  F 


FIGURE 


141.  (CONTINUED) 


A-206 


Series  D 


29  1/2  in. 


Roll  ot 
2900  F 


Roll  ot  2900  F_ 
lv>to  1/2  in 


£ 


0.241/0.250  in. 
D-l 


1 


L 


0.226/0.229  in. 
0-2 


J 


2  pieces  hot  forged 
bar  annealed  ot 

2900  F  for  I  hr  Ro"  0-2  from  1/2  in  to  0226/0229  in.  ot  2100  F 

Hot  sheor  2  pieces  of  D-l 
13  1/2  in  12  1/4  in. 


yb.24 1/0250  iny 

<3>  ' 


/0  241/0250  in 

L  ‘ 


D-l 


■roll  of  2900  F 


o 


1 


Hot  sheor  3  pieces  of  D-2 
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FIGURE  A- 121.  (CONTINUED) 


A-207 


Series  EH 


Anneal  at  2900  F  for 
I  hr 


Forged  and  conditioned 
2  x  5-  in  bar 


15  3/4  in 


0.541/0  545  in 


Anneal  at 
2900  F  for 
I  hr 


15  3/4  in 


0.5 


4 1  /O  545  in 


Roll  at 


2100  F 
0 


0.470/0.475  in 


o 


X-roll 


at  2100  F 


Recrystal  iized 
at  2500  to  2550 
for  I  hr 


Shear  2 / 
pieces 


/ 

/ 

0  219/0  229  in 

/ 

/ 


^  Rol  I  to  0  080  in  at  ^  2°00°F 

2100  F, shear  2  pieces 
Roll  to  0040  in  nt  2100  F 


Stress  relieved 
at  1920  F  for  I  hr 


ot  1920  F  for  I  hr 
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FIGURE  A-l/.l.  (CONTINUED) 


Series  EG 


<> 


Strength,  1000  psi  Strength,  1000  psi 


A-209 


160 1— 

140  — 


120| —  g>  50i 
< 
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FIGURE  A- 122.  LOW-TEMPERATURE  TENSILE  PROPERTIES  OF  CLIMAX 
ARC-CAST  STRESS-RELIEVED  AND  RECRYSTALLIZED 
TZM  BAR  (5/8-INCH  DIAMETER)(5) 


Elongation,  percent  Yield  Strength,  IOOO  psi  Tensile  Strength,  1000  psi 


A--JJO 


Temperature,  C 


FIGURE  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 

OF  TZM^15) 


Reduction  in  Area,  per  cent 


A-211 


A  -  .1 1  2 


FIGURE  A-J2:».  EFFECT  OF  INITIAL  ROLLING  TEMPERATURES  ON  THE 
TENSILE  PROPERTIES  OF  STRESS- RELIEVED  TZM 
SHEET  AT  2000  F(11) 


FIGURE 


I.  o.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE- STRENGTH 
RANGE  OF  CLIMAX  ARC-CAST  TZM  DAR  AND  SHEET*** 


A-213 


FIGURE  A- 127.  EFFECT  OF  TEMPERATURE  ON  THE  ELONGATION 
OF  STRESS-RELIEVED  TZM  SHEET(5> 


FIGURE  A- 128.  EFFECT  OF  TEMPERATURE  ON  THE  STRENGTH  OF 
STRESS-RELIEVED  TZM<fc> 


Test  rate  0.  05  inch  per  inch  per  minute. 


FIGURE  A- I  2  '.  EFFECT  OF  TEMPERATURE  ON  THE  MODULUS 
OF  ELASTICITY  OF  IZM*17) 

Analyses  0.49%  Ti>  0.071%  Zr,  and  0.019%  C. 
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TABLE  A-87.  ROOM-TEMPERATURE  NOTCHED  TENSILE  PROPERTIES 
OF  STRESS-RELIEVED  TZM  SHEET<*>U4) 


Notch 

Radius, 

inch 

Notch 

Width, 

inch 

Sheet 

Thickness. 

inch 

Kt 

Notched 
Tensile 
Strength. 
1000  psi 

Elongation  in 
3/4  Inch, 
per  cent 

Notched  Tensile 
Strength  /Unnotched 
Tensile  Strength 
Ratio 

0.013 

0.384 

0.044 

4.1 

142.0 

1.2 

1.06 

0.013 

0.385 

0.044 

4.1 

139. 0<b) 

-- 

-- 

0.003 

0.417 

0.054 

8.3 

136.0 

3.0 

1.01 

0.003 

0.41/ 

0.054 

8.3 

135.5 

2.0 

1.0 

(a)  Stress  relieved  1  hour  at  2200  F.  Test  rate  0.005  ,nch  per  inch  per  nvnutc  to  yielding,  then  0.03  inch 
per  inch  per  minute  to  fracture.  Nominal  carbon  content  0.04  per  cent. 

(b)  Fracture  occurred  in  loading  pinhole. 


TABLE  A-88.  STRESS-RUPTURE  DATA  FOR  STRESS-REUEVED  AND  RECRYSTALLIZED 
TZM  SHEET  (1/16  INCH)  AT  1800  fW(8) 


_ Stress,  1000  psi,  to  Produce  Rupture _ 

Condition  1  Hour  10  Hours  100  Hours 


Stress  relieved  1  hour  3t  2200  F  73.0  67.0  60.5 

Recrystallized  1  hour  at  2650  F  46.0  40.0  35.0 


(a)  Carbon  content  0,019  per  cent. 


TABLE  A -59.  CREEP  AND  STRESS -RUPTURE  PROPERTIES  OF  STRESS-REUEVED  AND 
RECRYSTALLIZED  TZM  AT  1800  AND  2-100  F(l^18) 


Condition 

Temperature, 

F 

Stress, 

1000  psi 

Creep  Rate, 
per  ccnt/ho  ur 

Ruplurc 

Time, 

hours 

Elongation, 
per  esnt 

Reduction 
in  Area, 
per  cent 

Stress  relieved 

1300 

85.0 

0. 34 

11.0 

26.0 

74.  C 

80.0 

0.08 

65.3 

17.3 

75.3 

2400 

35,0 

1.50 

2.6 

26.1 

81.9 

27.0 

0.44 

4.0 

27.9 

89.9 

Rccr>stallizcd 

1300 

40.0 

0. 006 

33d. J(b) 

8.4 

— 

35.0 

0.004 

3.7 

— 

2-1O0 

20.0 

0. 90 

16.0 

41.7 

92.3 

. 

16.0 

0.46 

32.9 

37.0 

86.8 

(a)  Analyses  0.46%  7 i,  0. 08%  Zr,  and  0. 08%  C. 

(b)  Test  discontinued. 
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TABLE  A-90.  CREEP  AMD  STRESS -RUPTURE  PROPERTIES  OP  CLIMAX  ARC-CAST 
TZM  BAR  AMD  SHEET  AT  1800  TO  3000  F**® 


Material 

Condition 

Temperature, 

F 

Stress, 
1000  pal 

Minimum 

Creep 

Rate, 

per  cent/hr 

Rupture 

Time,  Elongation, 
hours  per  cent 

Reduction 
In  Area, 
per  cent 

Bar,  1/2-inch  diameter 

Streta  relieved,  2200  F 

1800 

70 

0.13 

18.6 

14 

98 

70 

0.033 

59.6 

13 

73 

72 

0.03 

79.0 

IS 

78 

77 

0.09 

32.5 

15 

83 

Recrysullized 

37 

0.005 

2 

8 

— 

40 

-- 

(b) 

35 

93 

40 

2.5 

7.5 

29 

90 

40 

0.037 

51.5 

25 

66 

45 

0.1 

35 

92 

Sheet,  1/18  iach 

-tress  relieved,  2200  F 

65 

0. 13 

20.0 

6 

— 

75 

■* 

0.1 

6 

Recrysullized 

30 

nil 

326. 1(1) 

3 

— 

75 

0.045 

95.1 

16 

— 

40 

1.1 

10.9 

24 

- 

45 

— 

(b) 

29 

— 

Bir.  1/2-lnch  dlimeier 

Stress  relieved^ 

2000 

50 

0.001 

132.6 

12 

56 

55 

-- 

143.2W 

3 

1 

60 

0.018 

23.9 

18 

84 

65 

— 

6.2 

25 

46 

Recrysullized 

27 

0.059 

213.8 

27 

67 

30 

-- 

119.5 

34 

96 

33 

0.07 

44.0 

28 

66 

34 

10.8 

24 

76 

Bar,  1/2-inch  diameter 

Stress  relieved,  2300  F 

2400 

14 

— 

40.0 

55 

95 

22 

-- 

10.1 

25 

96 

32 

— 

3.5 

21 

88 

Recrysullized 

14 

-- 

40.2 

57 

95 

18 

-- 

26.3 

40 

97 

20 

” 

16.1 

66 

97 

Bar,  3/4 -inch  diameter 

Recrysullized 

3000 

3.5 

0. 07 

2v.O 

89 

99 

5.0 

2.2 

3.95 

00 

89 

(s)  Test  discontinued. 

(b)  On  loading. 

(c)  Pint  and  third  tern  -  2200  F:  other  two  -  2300  F. 


Note:  The  following  stress-rupture  strength*  are  derived  from  these  data. 


100 -Hour  Rupture  Strength,  1000  pal 


1800 

2000 

24C0 

3000  F 

Bar 

Stress  relieved 

70 

54 

10E 

Recrysullized 

39 

30 

10E 

2.7E<*> 

Sheet 

Strew  relieved 

60E 

— 

— 

Recrysullized 

35 

— 

- 

— 

(a)  E  -  extrapolated  on  basis  of  available  data. 
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TABLE  A-91.  CREEP  PROPERTIES  OF  TZM  SHEET  SERIES  A-l(a> 


Temperature, 

F 


Loading  Elongation  in 

Stress,  Strain,  Time,  see,  to  Produce  Indicated  Plastic  Creep  1.5  Inches, 

1000  psi  percent  .05$  0.2$  0. 5$  1$  2$  4$  percent 


2000 

55 

0.2 

7.5 

123 

1747 

— 

— 

— 

8.7 

2500 

12 

0.03 

32 

950 

3000 

.. 

. . 

-- 

i4. 6 

0. 07 

7.-1 

93 

217 

415 

768 

2120 

24.0 

3000 

6 

.. 

61 

245 

767 

1090 

1600 

2978 

24.7 

7 

0.07 

13 

122 

480 

1126 

1962 

3540 

24.7 

(a)  Fabrication  history,  conversion  variables,  and  interstitial  analyses  for  data  presented  in  this  table  were  given  previously 
(see  Figure  A- 121  and  Tables  A -84  and  A-85). 

(b)  1  cst  Conditions 

Argon -7$  hydrogen 
0.  080  inch 
Resistance 


Atmosphere 
Sheci  Thickness 
Method  of  Heating 


2 

N 

H 


D 

H 


< 

H 


A-217 


2  o 
«  2 
■5  §■ 
H  ns 


fO|  t 
ol  -t 


£ 


a  a. 


is  o 


6  «. 


n  r- 

Tf  <o 


oo  o 
•3  o 
O  TT 


o  *o 

t© 

d 


O  -x  -X 


co  oo  © 
o  •  © 
o  to 


©  ©  © 
•  .  00 
r~  TT 


to  eo 

d  I' 
d  d 


©  o 
©  © 


d  to 

*  S3 


tO  © 
-»  t— 
©  © 


d  ■'T  O 
CO  *0  C7> 
d  'O 


©  ©  00 
•  •  Cl 

.O  CO 


to  N 
©  © 


©  ©  ©  c- 


2  S3 


***  d  o 
©  to  C~ 
-  H  ft 


©  to  r-  oo 

—  d  © 

d  OJ 


©  ©  ©  uo 


©  ©  ©  to 


©  ©  ©  © 


•O  <5  uo  © 
to  <0  UO 


Senes  P-1.  0.  030-In. -Thick  Sheet 


A-21S 


* 


§ 


s 


3  » 


r*  i-  o 

to  o'  to  ' 


O  i5  «  o  O 
»  .<fxr- 
-«  rt  *t  o 

CO  — 


O  *r  t-  r- 


CO  »  to 
rt  to  to 
—I  to 


r*  «t  o  c- 


O  M  O  “0 
O  Cl  l~ 
kO  o 


<t  fl  h  ■T 

->  to  o  » 


fi  CO  « 
CO  -*  'T 
kf  o  H 


CO  O  O 

•  *  to 
— *  CO  c- 


m  'o  «  oo 

.  00  <31  '0 
O  — •  CO  CM 


C  *f  «  o 

.  <7J 

c:  r*  «•<  oo 


©  O 
.  •  CM 

->  t-  o 


■n  3 


O  o  O  o 


o  o  to  co 


o  o  o  o 


*r  ci  o  03  to 


—  o  i- 


«  3  ! 


•O  lO  'O 

O  CO  *•< 


oo  CJ 

o  ©  o 


X.  I 


Senes  EG  0. 0t3 -In. -Thick  S  leet 


Stress,  1000  psi 


FIGURE  A- 1 30.  CREEP  BEHAVIOR  OF  0ISILICIDE  CCA1ED  TZM 
IN  AIR  AT  2000  F^5) 
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TABLE  A-93.  HARDNESS  SPECIFICATION  FOR  WROUGHT  AND 
RECRYSTALLIZED  ARC -CAST  TZM  BARS(aX2^ 


Diameter, 

Hardness* 

DPH(b) 

inches 

Minimum 

Maximum 

Wrought 

Over  13/32  to  7/8 

260 

'20 

Over  7/8  to  1'1/C 

260 

310 

Over  1-1/8  to  1-7/8 

245 

300 

Over  1-7/8  to  2-7/8 

240 

290 

Over  2-7/S  to  3-1/2 

235 

235 

Over  3-1/2  to  4-1/2 

230 

9tfft 

Rccrystalijzcd 

Over  13/32  to  4-1/2 

- 

215 

(a)  Hardness  determined  at  mid-radius  of  har 

<b)  lO-Rg  load. 

TABLE  A-94. 

EFFECT  OF  TEMPERA  !  URE  ON  THE  HARDNESS 
OF  AS-CAST  TZM<5> 

Temperature, 

F 

Hardness, 

DPHf*) 

80 

172 

1600 

82 

2000 

82 

2200 

80 
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TABLE  A -95.  BEND-TEST  DATA  FOR  TZM  SHEET  (1/16  I5'CH)(8) 


Carbon 

Specimen 

Temperature. 

F.  for 

Bend  Angle 

Content, 

Orientation^3), 

Indicated  Bend  Angle 

at  75F, 

weight  per  cent 

Condition 

degrees 

10  Degrees 

90  Degrees 

degrees 

0.019 

As  roiled 

0 

9 

16 

140 

Stress  relieved 

0 

-6 

-1 

140 

Recrystalhzcd 

0 

91 

101 

0 

As  rolled 

90 

100 

415 

6 

Stress  relieved 

90 

88 

298 

G 

Recrystallized 

90 

90 

172 

5 

0.054 

As  rolled 

0 

-70 

-16 

138 

Stress  relieved 

0 

51 

191 

23 

Recrystalhzcd 

0 

190 

192 

0 

As  rolled 

90 

-6 

390 

39 

Stress  relieved 

90 

95 

97 

2 

Recrystallized 

90 

206 

208 

0 

(a)  Orientation  of  long  dimension  with  rolling  direction. 


140 

120 

100 

80 

tn 

s 

60 

Ip 

G» 

■c 

BBS 

OJ 

cr 

c 

< 

T3 

IS 

s 

CO 

80 

60 

40 

20 

A* 


No  surface  preparation . 

0.005  in.  removed  by  - 
chemical  milling 

0019  %C 


M- 


V  a 

-A - 


00547o  C 


-a  No  surface  ■ 
preparation  _ | 

a  0004  in  removed 
i  by  chemicol  milling 


-140  -60  20  100  180 

Temperature,  F 


260  340  420 

A  46086 


FIGURE  A- 133.  EFFECT  OF  TEMPERATURE  AND  AMOUNT  OF  SURFACE  REMOVED 
BY  CHEMICAL  MILLING  ON  THE  BEND  PROPERTIES  OF  STRESS- 
RELIEVED  TZM  SHEET  (1/  16  INCH)(8) 

Stress  relieved  15  minutes  at  2000  F.  Specimens  cut  parallel  to 
rolling  direction. 
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4.  Metallurgical  Pioperties 

a.  Fabricability:  arc-cast  billets  can  be  successfully  extruded  at  temperatures 

from  2800  to  4000  F  using  reduction  ratios  of  up  to  8:l(^)_  tj,e 
most  uniform,  fine,  hot-forged  structure  is  produced  in  ex¬ 
truded  billets  forged  at  3000  to  3200  F^^)>  mold-out  properties 
have  shown  that  U.  125-inch  material  is  best  produced  from 
extruded  ingot  and  hot-forged  sheet  bar  using  rolling  tempera¬ 
tures  of  2800  material  can  be  rolled  to  thin  strip  (0.040 

inch)  at  100  microns  of  pressure  up  to  2000  F  and  exposure 
times  of  15  to  45  minutes  without  contamination^  1);;  recom¬ 
mended  working  temperature  after  extrusion  is  illustrated  in 
Figure  A-  134 

b.  Transition  temperature:  Table  A- 96 

Figures  A- 1 35  and  A- 136 

c.  Weldability:  can  be  welded  using  fusion  or  resistance  techniques;  preheating 

to  400  to  600  F  is  recommended;  thorough  chemical  cleaning  or 
electroplating  of  surface  to  be  joined  is  essential,:  property 
welded  material  is  room-temperature  ductile;  welding  character¬ 
istics  (less  spatter,  sounder  weldments)  are  normally  better  than 
either  those  of  imalloyeH  molyhrtenum  or  Mo-0.  5Ti  —  this  is 
thought  to  be  associated  with  the  combined  gettenng  effects  of 
both  titanium  and  zirconium^^ 

d.  Stress-relief  temperature:  1/4  to  1  hour  at  2000  to  2300  F  for  bar  and  sheet 

material^,  8) 

e.  Recrystallization  temperature:  Tables  A-9 7  through  A- 100 

Figures  A-137  through  A- 142 


Temperature, 


FIGURE  A-134.  APPROXIMATE  RECOMMENDED  WORKING  TEMPERATURES 
FOR  CORRESPONDING  AMOUNTS  OF  HOT-COLD  WORK 
FOR  ARC-CAST  TZM(^> 
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TABLE  A- 96.  BEND-  AND  TENSILE -TRANSITION-TEMPERATURE 
RANGES  FOR  T2M  BAR  AND  SHEET^5) 


Form 

Condition 

Transition -Temperature 
Range,  F 

Bendfa) 

Sheet,  0.040  inch 

S ue,s  relieved 

<-100 

Recrystallizcd  (60%),  1/2  hour  2600  F 

0  to  -25 

Rccrjstallized 

-2  b  to  -75 

Sheet,  0.0  IS  inch 

Stress  relieved 

c-100 

Recrystallizcd  (50%),  1/2  hour  2600  F 

-75  to  -100 

Recryitallucd 

-25  to  -75 

Tensile(b) 

Bar.  5/8 -inch  round 

Stress  relieved 

-2  to  -13 

-3  to  -12 

Recrystallizcd 

+31  to  -45 

+51  to  -12 

Sheet,  1/16  inch 

As  rolled 

+72  to  <-60 

Stress  relieved,  2200  F 

-12  to  -60 

Recrystallizcd 

+29  to  -10 

(a)  3T  bend  radius  using  a  ram  rate  of  about  10  inches  per  minute. 
i'fc)  Range  corresponding  to  20  and  80  per  cent  maximum  elongation. 


Reduction  by  Rolling,  per  cent 


Temperature,  p 


FIGURE  A- 135.  BEND-TRANSITION  BEHAVIOR  OF  STRESS-RELIEVED 
AND  RECRYSTALLIZED  TZM  SHEET  *5> 


Transition  Temperature,  F 


FIGURE  A- 136.  EFFECT  OF  ROLLING  REDUCTION  ON  THE  BEND- 
TRANSITION  TEMPERATURE  OF  TZM  SHEET*1  ^ 

Bend  radius  IT 

Bending  rate  1  inch  per  minute 
Minimum  bend  angle  90  degrees. 
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TABLE  A-97.  hARDNESS  AND  RECRYSFALL1ZATION  OF  FORGED  TZM(aX12> 


Ft  tyn<; 
Reduction, 
per  cent 

Forced 
Hardness, 
DPI  I 

Hardness  and  Per  Cert  Recrystallizauon  After  J 
Exposure  at  Indicated  Temperature 

[-Hour 

2800  F 

3000  F 

F 

3400  F 

3600  F 

DPH 

£ 

DPH 

n> 

DPH 

9 

DPH 

* 

DPH 

'jo 

20 

10 

203 

20 

203 

40 

193 

10 

165 

ioo 

40 

20 

200 

40 

200 

GO 

193 

90 

173 

100 

50 

243 

20 

214 

40 

60 

193 

lUU 

176 

100 

70 

243 

40 

220 

50 

197 

70 

176 

100 

193 

:oo 

(a)  Forced  at  1900  F. 


TABLE  A -99.  INFLUENCE  OF  FORGING  :  EMPERATURE  AND  FORGING  REDUCTION 
ON  THE  RECRYSTALLIZATION  BEHAVIOR  OF  TZM<25) 


Approximate  1-Hour  Annealing 

Forcing  Temperature  for  Rccivstallizarion,  F 

Temperature,  Reduction,  Rccrvstallizauoii  Recrystalhzation 

F  per  cult  Begins  Complete 


2200 

30 

CoOO 

2800 

60 

2500 

2700 

2100 

10 

.. 

3000 

30 

2600 

2800 

60 

2700 

2900 

10 

2Sv»0 

3200 

30 

•Jo  00 

3000 

60 

•* 

2700 

3400 

10 

3000 

3200 

30 

2800 

3000 

oO 

27 1  0 

2800 

TABLE  A-99. 

EFFECT  OF  ANNEALING  TEMPERATURE  ON  RECRYSTALLIZATION 
AND  HARDNESS  OF  fZM  SHEET  C1  *) 

1-Iiour  Annealing 
Temperature, 

Rccrystallization, 

Hardness, 

F 

per  cent 

VHN 

As  received^ 

0 

310 

2200 

0 

327 

2400 

50 

232 

2500 

100 

204 

2600 

100 

206 

2800 

100 

205 

(a)  $Dcsj  relieved  1  hour  j:  2200  F. 
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TABLE  A- 100.  EFFECT  OF  EXPOSURE  TIME  AT  2200  F  IX  ARGON  ON  THE  MICROSTRUCTURE 
OF  VARIOUS  AS-ROLLED  AND  STRESS-RELIEVED  TZM  SHEETS^11' 


Sheet 

Tluc.tness, 

inch 


Reduction 
After  Last 

Recrystallization,  _ Microstructure  After  Exposure  at  indicated  Times 

Condition  per  cent  1  Hour  6  Hours  16  Hours  24  Hours 


0.080 

Stress  relieved 

65 

0.080 

As  rolled 

66 

0.040 

Stress  relieved 

82 

0.040 

A<  rolled 

82 

0. 120 

Stress  relieved 

20 

0.120 

As  rolled 

20 

0.040 

Stress  relieved 

73 

0.080 

As  rolled 

— 

0.120 

Stress  relieved 

47 

0.080 

Stress  relieved 

65 

0.040 

Stress  relieved 

82 

0.08* 

Stress  relieved 

84 

0.040 

Stress  relieved 

93 

0.0  03 

Stress  relieved 

67 

0.078 

Stress  relieved 

61 

0.117 

Stress  relieved 

42 

0.040 

Stress  relieved 

92 

No  change 


No  change 
No  change 
No  change 
No  change 
No  change 

No  change 
No  change 


Slight  recrystallization 
Slight  rccryitalhzation 


Slight  re  crystallization 


Slight  recrystallization,  still  ecld^workcd  structure 
No  change 
No  change 
No  change 
No  change 
No  change 


Very  slight 
rccrvstallizatiut 


No  change 
No  change 
No  change 
No  change 


Slight  recrystallization 
Slight  recrystallization 
Noticeable 
recrystallization 
Very  rm;attllizauuu 


Very  slight 
rccrvilalhzation 


Noticeable 

recrvstaliizauon 
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FIGURE  A- 137. 


EFFECT  OF  DEFORMATION  ON  THE  MINIMUM  TEMPERATURE 
FOR  COMPLETE  RECRYSTALLIZATION  OF  ARC-CAST  TZM^22) 


FIGURE  A- 138.  EFFECT  OF  PRIOR  REDUCTION  ON  THE  RECRYSTALLIZATION 
TEMPERATURE  OF  ROLLED  TZM  BAR  (5 /8-INCH  DIAMETER)^26) 

Rolled  at  2200  F  to  indicated  reduction. 


FIGURE  A-139.  RECRYSTALLIZATION  BEHAVIOR  OF  WROUGHT  TZM  BARS 
REDUCED  SO  PER  CENT  OR  MORE  BY  ROLLING  OR 
FORGING  BELOW  THE  RECRYSTALLIZATION 
TEMPERATURE'^) 


2500  2700  2900  3100  2500  2700  2900  3100 


Temperature,  F 


2500  2700  2900  3100  2700  2900  3100  3300 


Temperature,  F 


2700  2900  3100  3300 


Temperature,  F  a-46005 

o  Rolled  ot  2200  F 


FIGURE  A-  140.  RECRYSTALLIZATION  BEHAVIOR  AS  A  FUNCTION  OF  TIME 
AND  TEMPERATURE  FOR  TZM  PARS  ROLLED  TO 
INDICATED  REDUCTIONS*24) 

Analyses  0.  497,  Vs,  C.  037%  Zr,  and  0.  031%  C. 


Recrystollizotion,  percent  Recrystollizotion,  percent 


A-Z32 


2700  2900  3100  3300  2700  2900  3100  3300 

Temperature,  F 


b  Rolled  ot  3000  F 


A- 46006 


FIGURE  -  1  i.i. 


(CONTINUED) 


Recrystal hzotion ,  percent  Recrystal lizotion,  percent 


Temperature,  F 


FIGURE 


-in.  RECR1  b  f  ALL1/.ATION  BEHAVIOR  AS  A  FUNC'I  ION  OF 
TEMPERATURE  AND  EXTERNALLY  APPLIED  STRESS 
FOR  T'/.M  BARS^4) 

Anneal  id  for  10-minutc  periods. 

Subjected  to  indicated  reduction  at  ZiOO  K 
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FIGURE  A- 142.  EFFECT  OF  ANNEALING  TEMPERATURE  AND  TIME  ON  THE 
HARDNESS  OF  TZM  SHEET  (1/16  INCH)*8) 


0.  019%  carbon, 


A-235 


References 


(1)  "Specification  for  Climelt  Molybdenurn-O.  5  Per  Cent  Titanium-0.  08  Per  Cent 
Zirconium  (TZM)  Forging  Billets",  Climax  Molybdenum  Co.,  Specification 
Number  CMX-FB-TZM-2  (October,  1961). 

(2)  "Specification  for  Climelt  Molybdenum-0.5  Per  Cent  Titanium-0.08  Per  Cent 
Zirconium  (TZM)  Wrought  Bars",  Climax  Molybdenum  Co.  ,  Specification  Number 
CMX-WB-TZM-1  (October,  1961). 

(3)  "Specification  for  Climelt  TZM  Sheet",  Climax  Molybdenum  Co.  ,  Specification 
Number  CMX-S-TZM-1  (June,  1962). 

(4)  "Molybdenum  +  0.5%  Titanium  +0.  1%  Zirconium  Sheet",  Universal  Cyclops  Steel 
Corp.  ,  Specification  No.  MTZS-61-11  (November  28,  1961). 

(5)  "Developmental  Data  Climelt  TZM”,  Climax  Molybdenum  Co.  (January,  1962). 

(6)  Private  communication  from  G.  D.  McArdle,  Climax  Molyhdf.  'uni  ‘o.  (1963). 

(7)  Semchyshen,  M.  ,  McArdle,  G.  D.  ,  and  Barr,  R.  Q. ,  C  .  v  ,l„.;ment  of 
Molybdenum-Base  Alloys”,  Climax  Molybdenum  Co, ,  W/  DC  JR  59-280 
(October,  1959). 

(8)  Semchysher.,  M.  ,  and  Barr,  R.  Q. ,  "Mechanical  Properties  of  Molybdenum  and 
Molybdenum-Base  Alloy  Sheet",  ASTM  STP  No.  272  (1959). 

(9)  Savage,  C.  H.  ,  and  Root,  D.  C.  ,  "Determination  of  Mechanical  and  Thermo¬ 
physical  Properties  of  Coated  Refractory  and  Superalloy  Thin  Sheet",  North 
American  Avial»on,  Inc.  ,  Contract  No.  AF  33(657)-9416,  Th’rd  Progress  Report 
(April  15,  1963). 

(10)  Savage,  C.  H.  ,  and  Root,  D.  C.  ,  "Determination  of  Mechanical  and  Thermo¬ 
physical  Properties  of  Coated  Refractory  and  Superalloy  Thin  Sheet",  North 
American  Aviation,  Ir.c  ,  Contract  No.  AF  33(657)-9416,  Second  Progress 
Report  (January  15,  1963). 

(11)  Jones,  O.  Jr.  ,  Bennett,  A.  ,  and  Albom,  M.  J.  .  "Fabrication  Techniques  and 
Mechanical  Properties  at  Elevated  Temperatures  of  TZM  Alloy  Sheet",  The 
Marquardt  Corp.  ,  ASD-TDR-62-936  (September  14,  1962). 

(12)  C.  -iahan,  D.  R.  ,  and  Visconti,  J.  A.  ,  "The  Extrusion,  Forging,  Rolling,  and 
E-  a’uation  of  Refractory  Alloys",  Westinghouse  Electric  Corp.  ,  ASD-TDR- 
62-679  (October,  1962). 

(13)  Private  communication  from  R.  B.  Bargainmer,  Sylvama  Electric  Products,  Inc. 
(1963). 

(14)  Neff,  C.  W.  ,  Frank,  R.  G.  ,  and  Luft,  L.  ,  "Refractory  Metals  Structural  Devel¬ 
opment  Program",  McDonnell  Aircraft  Corp.  and  General  Electric  Co.  ,  Refrac¬ 
tory  Alloy  and  Coating  Development,  ASD  TR  61-392,  Vol.  II  (October,  1961). 


A-236 


(IS)  Technical  Note,  Climax  Molybdenum  Co.  (February,  1959). 

(lb)  "Arc-Cast  Molybdenum  and  Its  Alloys,  Mechanical  and  Elevated  Temperature 
Properties  1 ,  Climax  Molybdenum  Co. 

(17)  Barr,  R.  Q.  ,  and  Semchyshen,  M.  ,  "Stress-Strain  Curves  for  Wrought  Molyb¬ 
denum  and  Three  Molybdenum- Ease  Alloys",  Climax  Molybdenum  Co. 
(December,  1959). 

(18)  Semchyshen,  M.  ,  McArdle,  G.  D.  ,  and  Barr,  R.  Q.  ,  "Development  of  High 
Strengths  and  High  Recrystallization  Temperatures  in  Molybdenum-Base  Alloys", 
Climax  Molybdenum  Co  ,  WADC  TR  48-551  (February,  1959). 

(19)  Houck,  J.  A.  ,  "Review  of  Recent  Developments  —  Molybdenum  and  Molybdenum- 
Base  Alloys",  Battelle  Memorial  Institute,  DMIC  (March  22,  1963). 

(20)  Houck,  J.  A.  ,  "Review  of  Recent  Developments  —  Molybdenum  and  Molybdenum- 
Base  Alloys",  Battelle  Memorial  Institute,  DMIC  (June  28,  1963). 

(21)  Cortes,  F.  R.  ,  "Determination  of  The  Effects  of  Processing  Refractory  Metals 
Under  Vacuum",  Universal  Cyclops  Steel  Corp.  ,  ASD-TDR-b.t-618  (February, 
1963). 

(22)  "Forging  of  Vacuum  Arc-Cast  Molybdenum,  Mo  +  0.  5%  Ti  and  Mo  +  0.  5%  Ti  + 

0.  1%  Zr  (TZM)",  Universal  Cyclops  Steel  Corp.,  Technical  Bulletin  No.  2  5.3 
(September  25,  1962). 

(23)  Private  communication  from  F.  Nair,  Climax  Molybdenum  Co.  (1963). 

(24)  Semchyshen,  M.  ,  and  Barr,  P.  Q.  ,  "Extrusion  and  Mechanical  Properties  of 
Some  Molybdenum-  and  Tungsten-Base  Alloys",  Climax  Molybdenum  Co.  , 

ASD  TR  61-193  (May,  1961). 

(25)  Henning,  M.  J.  ,  et  al.  ,  "A  Study  of  Forging  Variables",  Battelle  Memoi  ial 
Institute,  Interim  Reports,  Contract  No.  AF  33(600)-42963  (October,  1961  ar.d 
January,  1962). 

(26)  Semchyshen,  M.  ,  Barr,  R.  Q.  ,  and  McArdle,  G.  D.  ,  "Effect  of  Thermal- 
Mechanical  Variables  on  the  Properties  of  Molybdenum  Alloys.  Climax 
Molybdenum  Co.  ,  WADD  TR  60-45 1  ( 1 960). 


A-237 


Mo-1.  2Ti-0.25Zr-0,  15C 

1.  Identification  of  Material 

a.  Designation:  TZC 

b.  Chemical  composition:  Mo-1.  2Ti-0.  25Zr-0.  15C 

c.  Forms  available:  ingot  and  fabricated  shapes  on  a  best-efforts  basis 

2.  Physical  Properties 

a.  Density:  0.363  lb/in.  3  (calculated) 

3.  Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:  Table  A- 101 
Tensile  yield  strength:  Table  A- 101 
Elongation:  Table  A- 101 
Reduction  in  area:  Table  A- 10 1 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Tables  A-102  through  A-104 

Figures  A- 143  through  A- 146 

Tensiie  yield  strength:  Table  A-102 

Figures  A- 143  and  A-144 

Elongation:  Table  A-102 

Figures  A- 143  through  A- 145 

Reduction  in  area:  Table  A-102 

c.  Creep  and  Stress-Rupture  Properties 

Tables  A- 105  through  A- 108 
Figure  A- 147 

d.  Other  Selected  Mechanical  Properties 

Bend  ductility:  Figures  A- 148  through  A- 150 


TABLE  A- 101.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  TZC  BAR  AND  SHEET 


Condition 

Tensile 

Strength, 

1000  p3i 

Yield 

Strength, 

1000  psi 

Elongation, 
per  cent 

Reduction 
in  Area* 
per  cent 

BaKaX*) 

Stress  relieved,  1  hour  2200  F 

143.6 

104. 8(b) 

22 

36.0 

pecr  stallized,  1  hour  5400  F 

84.9 

62. 3(c) 

8 

8.6 

sheet  (U.U/U  incn/^X") 

Stress  relieved,  288  VHN 

112. 9  (T) 

104. 6 (T) 

22  (T) 

34  (D 

Siicct  (0,045  Inch)(eX3) 

Stress  relieved 

128.  9  (L) 

124.7  (L) 

0  (L) 

-- 

Stress  relieved 

99. 3  (T) 

•* 

0(T) 

CR*  Stress  relieved 

154.8  (L) 

135.0  CL) 

0.1  0-) 

CR,  Stress  relieved 

39,4  (T) 

0 

(a)  Test  rate  0,0005  inch  per  inch  per  minuie  through  yielding,  then  0,01  men  per  inch  per  minute  to 
fracture.  Analyses  1,23%  Ti,  0„27%Zr,  and  0. 14%  C. 

(b)  0, 1  per  cent  offset, 

(c)  Drop  in  lead  yield  strength. 

(d)  Analyses  1. 12%  Ti.  0. 13%  Zr.  and  0. 131%  C. 

(c)  Stress  relieved  1  hour  at  2200  F.  Analyses  1.35%  Ti,  0. 15%  Zr,  and  0. 13%  C. 
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TABLE  A- 102.  TENSILE  PROPERTIES  OF  TZC  BAR  AND  SHEET  AT  1800  TO  2400  F 


Condition 

Temperature, 

F 

Tensile 
Strength, 
1000  psi 

Yield 

Strength, 

1000  psi 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Barf*XU 

Stress  relieved,  1  hour  2200  P 

1800 

91.9 

64.6(b) 

17.5 

77.8 

2400 

63.6 

41.5(b) 

26 

86.9 

Recrystallized,  1  hour  3400  F 

1800 

67,4 

17.7(b) 

27.5 

71.3 

2400 

57.1 

17.3(b) 

36 

77.8 

Sheet  (0. 070  Inch)(cX2) 

Stress  relieved 

1800 

65.0 

55.0 

8.5 

-- 

Stress  relieved 

2000 

t>t>.2  (L) 

00.4  (L) 

SO  (to 

Stress  relieved 

2000 

61. 1  (T) 

-- 

6  (T) 

— 

Stress  relieved 

2200 

49, 0  (L) 

41.0  (L) 

11  (L) 

.. 

Stress  relieved 

2200 

53.4  (T) 

42.5  (T) 

8(T) 

— 

Sheet  (0.045  Inch^X3) 

Stress  relieved 

2000 

102. 1  (L) 

91.5  (L) 

14.5  (L) 

.. 

Stress  relieved 

2000 

110.5  (T) 

96. 0 (T) 

2.9  (T) 

CR,  Stress  relieved 

2000 

98.0  (L) 

90.5  (L) 

10.2  (l) 

CR.  Stress  relieved 

2000 

109.  9  (T) 

93. 0  (T) 

8.3  (T) 

— 

Stress  relieved 

2200 

62.8 

52.4 

5,8 

- 

CR,  Stress  relieved 

2200 

74. 9 (L) 

60. 9  (L) 

4.8  (L) 

CR.  Stress  relieved 

2200 

75. 1  (T) 

49.2  (T) 

10.8  (T) 

(a)  Test  late  0,0005  inch  per  inch  per  minute  tluougn  yielding,  then  0,01  inch  per  inch  per  t  ilnute  to  fracture. 
Analyses  i.23%Ti,  0.277o7r,  and  0, 14%  C. 

(b)  0. 1  per  cent  offset. 

(c)  Analyses  1. 12%  Tt,  0, 13%  Zi,  and  0.  131%  C. 

(d)  Stress  relieved  1  hour  at  2200  F.  Analyses  1.35%  Ti.  0. 16%  Zr.  and  0. 13%  C. 
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TABLE  A-  01.  EFFECT  OF  COMlOSlTION.  STRUCTURAL  CONDITION,  AND  TEMPERATURE  ON  THE  TENSILE  STRENGTH  OF 
CLIMAX  ARC-CAST  TZC(4> 


Composition, 
weight  per  cent 

Structural  Condition 
Prior  to  Final  Rolling 

Rolled  Size, 
inch 

Tensile  Strength 

1000  pst. 

at  Indicated  Temperature 

Ti 

Zr 

C 

RT 

1E00F 

2200  F 

■3iTiTCT 

1*25 

0.20 

0.054 

hicrystallized 

1/2  round 

149.8 

95.4 

- 

56. r 

13.7 

- 

1.25 

0.32 

0.058 

Recryj>;aHtzed 

Ditto 

-- 

w. 

71.2 

-■ 

13.8 

— 

1.25 

0.32 

0. 058 

Soln.  treated 

•* 

— 

-- 

94.9 

-- 

30.2 

— 

1.25 

0.32 

0.058 

Soln,  treated  and  aged 

-- 

96.2 

-- 

17.5 

— 

1.23 

0.13 

0.097 

Rccrystallized 

147.0 

98.9 

- 

58.0 

13.4 

.. 

1.30 

0.29 

0. 12 

Kccrysiamzed 

-- 

76.1 

— 

13.7 

— 

1.30 

0.29 

0.  12 

Soln.  treated 

-- 

— 

“ 

15.  G 

— 

1.30 

0.29 

0. 12 

Soln.  treated  and  aged 

-- 

89.3 

— 

— 

1.24 

0.31 

0.  13 

Rccrysialhzed 

5/8  round 

- 

66.1 

— 

51.4 

— 

— 

1.29 

0.15 

o.  r> 

Ditto 

0.012  sheet 

125,0 

-- 

49.2 

10.4 

— 

1.29 

0.15 

0.1.1 

0.  020  sheet 

129.4 

— 

— 

48.6 

10.6 

— 

1.22 

0.  27 

V.  It 

- 

1/2  round 

143.6 

91.9 

— 

63.6 

12.7 

6.5 

1.17 

0.27 

0.15 

0. 050  sheet 

15C.4 

— 

51.8 

— 

— 

1.45 

0.31 

0.20 

Soln,  treated  and  aged 

1/2  round 

-• 

-- 

-- 

-- 

24.9 

— 

1.22 

0.31 

0.23 

Recry  s  tall:  zed 

5/3  round 

125.1 

76.7 

58. 2 

-- 

— 

1,27 

0.29 

0.30 

Recryftalhzcd 

1/2  round 

120,  C 

91.2 

— 

60.8 

TABLE  A- 104.  EFFECT  OF  COMPOSITION  AND  TEMPERATURE  ON  THE  TENSILE  STRENGTH  OF  CLIMAX 
ARC-CAST  TZCt^X'1) 


Composition, 
weight  per  cent 

Rolled  Size, 
inch 

Tensi.c  Strength,  1000  psi, 

at  Indicated  1  emperature 

Ti 

Zr 

c 

RT 

1800  F 

2200  F 

2400  F 

3000  F 

3500  F 

1. 14 

0.32 

0.014 

1/2  round 

40.7 

-- 

-- 

-- 

— 

1.25 

0.20 

0.054 

Ditto 

92.1 

62. 3 

-- 

29. 1 

13.4 

— 

1.25 

0.20 

0.054 

-- 

-- 

-- 

-- 

24.5(b) 

— 

1.25 

0.32 

0.  058 

-- 

-- 

33.0 

13.6 

— 

1,25 

0.32 

0.058 

-- 

-- 

44.0(0 

-- 

24.2(c) 

-- 

1.23 

0.13 

0.097 

“ 

64.3 

t>2.  9 

-- 

10.  9 

14.2 

-- 

1.23 

0.11 

0.097 

" 

-- 

-- 

-- 

-- 

26.3(b) 

-- 

1.30 

0.29 

0. 12 

-- 

-- 

36.4 

-- 

13.9 

— 

1.30 

0.29 

0. 12 

— 

-- 

56.6(c> 

— 

31.  1<0 

— 

1.24 

0.31 

0. 13 

5/8  round 

-- 

65.  6 

-- 

63.5 

— 

- 

1.29 

0. 15 

0.13 

0. 012  sheet 

G5.4 

-- 

-- 

51.2 

13.  a 

— 

1.29 

e.  15 

0.  » 

0. 020  sheet 

76.0 

-- 

-- 

53.4 

16.3 

-- 

1,23 

0.27 

0.14 

1/2  round 

84.9 

67.4 

— 

57.  1 

18.5 

10. 1 

1.  17 

0.27 

0. 15 

0. 050  sheet 

99.6 

-- 

31.4 

11.5 

— 

1, 17 

0.27 

0.  15 

0. 050  sheet 

— 

— 

-- 

-- 

19.2(b) 

-- 

1,22 

0.31 

0.27 

5/8  round 

79.4 

66.8 

-- 

67.5 

-- 

-- 

1,2? 

0.29 

0.30 

1/2  round 

87.0 

61.4 

46.0 

-- 

- 

(3)  Rccrystallized  prior  n  , 'in.il  tolling. 

(h)  Solution  Homed  niter  rolling. 

(c)  Solution  treated  and  .  ged  liter  rolling. 


Temperature,  F 


Sheet  rolled  in  nir  with  a  relatively  low  finishing 
temperature. 

Heat  4053-L,  analyses  1.  17%  Ti,  0.  £7 %  Zr,  and 
0.  15%  C. 

FIGURE  A-  1  1  i.  LOW- TEMPERATURE  TENSILE  PROPERTIES  OF 
LONGITUDINAL  STRESS- RELIEVED  AND 
RECRYSTALLI^ED  TZC  SHEET  (0.050  INCI!)l5> 


Temperature,  F 
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Sheet  rolled  in  air  with  a  relatively  high  finishing  temperature. 
Heat  4053-H,  analyses  1.  17%  Ti,  0.27%  Zr,  and  0.  15%  C. 
FIGURE  A- 143.  (CONTINUED) 


FIGURE  A-  144. 
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Sheet  rolled  in  air  v-ith  a  relatively  high  finishing  temperature. 


Heat  1053-11.  analyses  1.  17%  T) ,  0.  Z7%  Zr,  and  0.  15%  C. 
FIGURE  A- M  l.  (CONTINUED) 
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FIGURE  A-  145.  EFFECT  OF  TEMPERATURE  ON  THE  TENSILE  PROPERTIES 
OF  STRESS- RELIEVED  TZC  BAR  AND  SHEET*2) 


FIGURE  A-  i 46.  EFFECT  OF  CARBON  CONTENT  AND  TEMPERATURE  ON  THE 
TENSILE  STRENGTH  OF  CLIMAX  RECRYSTALLIZED  ARC- 
CAST  TZC  B\R  STOCK*4) 
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TABLE  A -105.  CREEP  AND  STRESS-RUPTUPE  PROPERTIES  OF  TZC  BAR  AT  1800  AND  2400  F<aXl) 


Condition 

Temperature, 

F 

Stress, 
1000  psi 

Minimum  Creep  Rate, 
per  cent/bour 

Rupture 

Time, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Stress  relieved,  1  hour  2200  F 

1800 

75.0 

1.  12 

2.2 

20 

75.5 

69.0 

— 

45.4 

20 

79,8 

24  U0 

35.0 

1.33 

3.3 

34 

88.0 

Recrystal  h  zed,  1  hour  3400  F 

1800 

55.0 

__ 

170. 5(b) 

9 

7.9 

53.0 

92.7(b) 

8 

G.3 

2400 

32.0 

0. 023 

55.3 

38 

83.0 

27.0 

151, o(b) 

1 

0.4 

(a)  Analyses  1.23%Ti,  0.27%  Zt.  and  0.  14%  C. 

(u)  Toi  'JULUIUUIUCU, 


TABLE  A- 106.  1-  AND  10-HOUR  RUPTURE  STRENGTHS  OF  TZC  BAR  AT 
1800  AND  2400  F<<>X1) 


Condition 

Temperature, 

F 

Stress,  1000  psi,  to 
Produce  Rupture 

1  Hour  10  Hours 

Stress  relieved,  1  hour  2200  F 

1800 

76.  ^ 

72.0 

2400 

42.0 

29.0 

Rccrystalhzed,  1  hour  3400  F 

1900 

65.0 

60.0 

2400 

SO.C 

38.5 

(a)  Analyses  1.23%  Ti,  0.27%  Zr, 

and  0. 14%  C. 
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TABLE  A-107.  STRESS-RUPTURE  PROPERTIES  OF  STRESS-RELIEVED  TZC  AT  2200  AND  2500  K2> 


Temperature, 

F 

Stress, 

1000  psi 

Rupture 

Time, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

1.2%  Ti.  0. 13%  Zr.  and  0. 13%  C 

2200 

32.0 

30.3 

24.0 

73.0 

30.0 

40.6 

27.0 

82.0 

27.0 

78.2 

27.5 

83.0 

25.0 

179.0 

13.0 

46.0 

20.0 

322.0 

20.0 

79.0 

2500 

20.0 

10.8 

24.0 

77.0 

17.0 

67.0 

23.0 

70.0 

1. 29%  Ti.  0.19%  Zr,  and  0. 19%  C 

2200 

20.0 

1000* 

5.0 

— 

25.0 

231.0 

12.8 

30.0 

69.0 

18.8 

— 

JO.U 

6.8 

13.7 

— 

2500 

17.0 

108.8 

2\0 

— 

TABLE  A- 103.  EFFECT  OF  COMPOSITION  AND  TEMPERATURE  ON  THE  STRESS-RUPTURE  PROPERTIES  OF 
CUM/LX  ARC-CAST  TZCf^f4' 


Composition, 
weight  per  cent 

Rolled  Size, 
inch 

Stress,  1000  psi,  to  Produce  Rupture  in 

10  Hours  at  Indicated  Temperature,  F 

Stress  Relieved 

Recryjtallized 

Ti 

Zr 

C 

1800 

24  00 

1800 

2200 

2400 

3000 

1.30 

0.29 

0. 12 

1/2  round 

- 

- 

- 

50. 00>) 

- 

II.. '.(b) 

1.24 

0.31 

0.  13 

5/8  round 

60.0 

37.0 

52.0 

- 

39.5 

- 

1.23 

0.27 

0. 15 

1/1  round 

72,0 

20.0 

60.0 

- 

38.5 

- 

1.17 

0.27 

0.  14 

0.057  Jh«t 

- 

21.0 

- 

- 

18.5 

6.9 

1.22 

0.31 

0.23 

5/8  round 

63.0 

48.0 

>58.0 

- 

46.0 

" 

\*7 

0.29 

0.30 

1/2  round 

67.0 

4J.5 

56.0 

- 

32.0 

- 

Elongation,  per  cent 

8-20 

13-34 

10-28 

12-18 

7-53 

10-92 

(a)  Rc  crystals  zed  prior  to  final  rolling. 

(b)  Solution  treated  and  aged  after  rolling. 


FIGURE  A-  147.  STRESS- RUPTURE  BEHAVIOR  OF  STRESS- RELIEVED  AND 
RECRYSTALLIZED  TZC  SHEET  AT  <1400  AND  3000  F<5) 

10S3-L  sheet  rolled  in  air  'vith  a  relatively  low  finishing 
temperature. 

1053-H  sheet  rolled  in  air  with  a  relatively  high  finishing 
temperature. 

Analyses  1.  17%  Ti,  0.  <17%  Zr,  and  0.  13%  C. 
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FIGURE  A-  148.  BEND- DUCTILITY  BEHAVIOR  OF  STRESS- RELIEVED  AND 
RECRYSTALLIZED  TZC  SHEET  (0.051  INCH)<5> 

Sheet  rolled  in  air  with  a  relatively  low  finishing 
temperature. 

Heat  4053-L.  analyses  1.  1714  Ti,  0.  27%  Zr.  and  0.  15%  C. 


Temperature,  F  a- 45978 

FIGURE  A- 149.  EFFECT  OF  TEMPERATURE,  THERMAL  TREATMENT,  AND 
SURFACE  CONDITION  ON  THE  BEND  DUCTILITY  OF  TZC 
SHEET  (0.052  INCH)*5) 

Sheet  rolled  in  air  with  a  relatively  high  finishing  temperature. 
Specimens  chemically  milled  to  0.  049  inch. 

Heat  4053-H,  analyses  1.  17%  Ti,  0.27%  Zr  ,  an.d  0.  15%  C. 


i 
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FIGURE  A- 150.  EFFECT  OF  TEMPERATURE,  THERMAL  TREATMENT,  ANu 
SURFACE  CONDITION  ON  THE  BEND  DUCTILITY  OF  TZC 
SHEET  (0.054  TO  0.058  INCH)*5) 

Rolled  in  InFab  facility. 


Specimens  chemically  milled  0.  004  inch. 

Heat  4053-1.  analyses  1.  17%  Ti ,  0.  27%  Zr.  and  0.  15%  C. 
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Metallurgical  Properties 

i.  Fabricability:  the  following  schedule  has  been  successfully  used  to  convert 
ingot  to  sheet:-  (1)  extrude  at  2850  F;  (2)  forge  extruded  sheet 
bar  at  3000  F,  (3)  breakdown  rolling  of  forged  bar  at  2500  to 
2700  F;_  (4)  roll  to  elate  sines  at  2400  to  2600  F;:  and  (5)  sheet 
rolling  at  2400  to  2600  F&) 

b.  Transition  temperature:-  Tables  A- 109  and  A- 1 10 

c.  Stress- relief  temperature:  1  hour  at  2200  F  for  bar  material^ 1/4  hour  at 

2200  F  for  sheet  (0.  050  inch)  material^) 

d.  Recrystallization  temp-'rature:-  !  hour  at  3400  F  for  bar  material^ );  1/4  hour 

at  2900  to  3000  F  for  sheet  (0.  050  inch) 
matenal(5) 


Figures  A-151  and  A-152 


A- 2  53 


TABLE  \-109.  BEND ‘TRANSITION  TEMPERATURES  FOR  Cl  IMAX  ARC-CAST  T2C  SHEET*4) 


A-254 


*S0  3P0  soo  «oo 


At  -  ROM  HXmt,  OPM 


FIGURE  A- 15  1.  RECRYSTALLIZATION  BEHAVIOR  OF  CLIMAX  ARC-CAST  TZC 
BAR  AND  SHEET*4) 


FIGURE  A-15J.  EFFEC  T  OF  CARBON  CONTENT  ON  THE  RECRYSTALLIZATION 
BEHAVIOR  OF  CLIMAX  ARC-CAST  TZC  BAR  AND  SHEET*4) 


A.-255  and  256 
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MO-25W-0.  IZr-O.  03C 

1.  Identification  of  Material 

a.  Designation:  WZM  (Climax) 

b.  Chemical  composition:  Mo-25W-0.1Zr-0.03C 

c.  Forms  available:  ingot  and  fabricated  shapes  on  a  best  efforts  basis 

2.  Physical  Properties 

a.  Melting  point:  “5050 F  (estimated  to  be  about  the  same  as  that  fcr  Mo-25 W)(*) 

b.  Density:  0.418  lb/in-*  (calculated) 

3.  Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  . .Visile  strength:  Table  A- 111 
Tensile  yield  strength:  Table  A-lll 
Elongation:  Table  A-lll 
Reduction  in  area:  Table  A-lll 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Table  A- 112 

Figures  A- 153  and  A-15-t 

Tensile  yield  strength:  Table  A- 112 

Figures  A- 153  and  A- 154 

Elongation:  Table  A- 112 

Figures  A-153  and  A-154 

Reduction  in  area:  Tabic  A-112 

c.  c.  Creep  and  Stress-Rupture  Properties 

Tables  A-113  and  A-114 
Figure  A-  155 

d.  Other  Selected  Mechanical  Properties 

a.  Eend  du  -.tility:  Figures  A-156  through  A-158 
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TABLE  A- 111.  ROOM -TEMPERATURE  TENSILE  PROPERTIES  OF  WZM  BAR 


Condition 

Tensile 

Strength. 

1000  psi 

Yield  Strength, 

1000  psi 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Reference  2(a) 

Stress  relieved,  1  hour  2000  F 

14a.  3 

126.5(*>) 

32 

62. 5 

Recrystallizcd,  1  hour  2600  F 

05.8 

89. 2(c) 

27 

23.2 

Reference  3^) 

Stress  relieved 

141.3 

137.1 

0 

0 

Recrystallizcd 

105.3 

79.3 

32 

25 

(a)  Test  rate  0.005  inch  per  inch  per  minute  through  yielding,  then  0. 01  inch  per  inch  per  minute  to  fracture. 
Analyses  26.4%  W.  0. 10o%Zr,  amlO.  033%C. 

(b)  0. 1  per  cent  offset. 

(c)  Drop  m  load  yield  strength. 

(d)  I/O -mrh  stock  Analyses  25. 1%W,  0.11%Zr,  and0.05l%C. 


TABLE  A*  112.  TENSILE  PROPERTIES  OF  WZM  BAR  AT  1800  AND  2400  F 


Condition 

Temperature, 

F 

Tensile 
Strength, 
1000  psi 

Yield  Strength, 
1000  psi 

Elongation, 
per  cent 

Rpducncn 
in  Area, 
per  cent 

Reference  2(a) 

Stress  relieved,  1  hour  2000  F 

2800 

99.4 

31.l(b) 

18 

75.9 

2400 

7  ..5 

-- 

22 

86.0 

Recrystallizcd,  1  hour  2600  F 

1800 

45.3 

39 

8f.U 

2400 

26.9 

59 

93.0 

Reference  3(c) 

Stress  relieved 

1800 

93.3 

88.6 

18 

66 

Recrystallized 

1800 

42.8 

22.9 

46 

o: 

Stress  relieved 

2400 

73.5 

.. 

80 

Recrystallizcd 

2400 

28.5 

16.5 

58 

89.4 

(a)  Test  rate  0.0005  inch  per  inch  per  minute  tnrough  yielding,  then  0.01  inch  per  inch  per  minute  to  fracture. 

Analyses  26.4%  W,  0. 106%  Zr,  and  0.  033%  C 
fh)  0, 1  per  cent  offset. 

(c)  Analyses  25.1% W,  0.11%Zr.  and0.051%C. 


Elongation,  percent  Elongation ,  per  cent 
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Sheet  rolled  in  air  with  a  relatively  low  finishing 
temperature. 

Heat  4052-L.  analyses  25.4%  W,  0.  lC5^  Zr,  and 
0.  037%  C. 

FIGURE  A- 153.  LOW -TEMPERATURE  TENSILE  PROPERTIES 
OF  LONGITUDINAL  STRESS-RELIEVED  AND 
RECRYSTALLIZED  WZM  SHEET  (0.050  INCH)*4) 


A  46094 

Temperature,  F 

Sheet  rolled  in  air  with  a  relatively  low  finishing 
temperature. 


Heat  4052-L,  analyses  £5.4 %  W,  0.  10%  Zr,  and 
0.  037%  C 


FIGURE  A- 154.  LOW-TEMPERATURE  TENSILE  PROPERTIES 
OF  TRANSVERSE  STRESS-RELIEVED  AND 
RE  CRYSTALLIZED  WZM  SHEET  (0.  O'O  INCH)<4) 


Temperature,  F 


Sheet  rolled  in  air  with  a  relatively  high  finishing 
temperature. 

Heat  405Z-H,  analyses  25.4%  W,  0.  10%  Zr,  and 
0.  037%  C. 


FIGURE  A- 154.  (CONTINUED) 
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TABLE  A-11J.  CREEP  AND  STRESS-RUPTURE  PROPERTIES  OF  WZM  BAR  AT  1800  AND  2400  F<aX2) 


Condition 

Temperature, 

F 

Stress, 
1000  pst 

Minimum  Creep  Rate, 
per  cent/hour 

Rupture 

Tune, 

hours 

Elongation, 
per  cent 

Reduction 
in  Area, 
per  cent 

Stress  relieved,  1  hour  2000  F 

1800 

87.0 

-- 

1.3 

20 

/5.4 

80.0 

-- 

18.0 

20 

78.8 

55.0 

05.7(b) 

0.5 

0.8 

2hG0 

1G.0 

o.2 

23 

61.1 

14.0 

0. 168 

28.5 

— 

91.9 

Recrystallizcd,  1  hour  2G00  F 

1800 

39.0 

5.52 

1.2 

55 

89.7 

38.4 

1.36 

1.5 

53 

87.9 

34.0 

0. 022 

19.6 

56 

90.7 

2400 

10.0 

0.C2 

15.8 

69 

93.3 

— 

13.0 

0. 080 

65.8 

64 

(a)  Analyses  26. 4%W,  0.106%Zr.  and  0.033% C. 

(b)  Test  discontinued. 


TABLE  A-1I4.  1-  AND  10-HOUR  RUPTURE  STRENGTHS  OF  WZM  BAR  AT  1800  AND  2400  F<aX2) 


Stress, 

1000  psi,  to 

Temperature. 

Produce  Rupture 

Condition 

h 

1  Hour 

10  Hours 

Stress  relieved,  l  nour  2000  F 

1800 

37.5 

81.5 

2400 

18.3 

15.2 

KcityStalUzcd,  1  hour  2600  F 

1800 

39.2 

35.1 

2400 

23.4 

16.9 

<a)  Analyses  26. 4%  W,  0. 106^  Zr,  and  0. 033%  C. 
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FIGURE  A-  1 55.  STRESS-RUPTURE  BEHAVIOR  OF  STRESS-RELIEVED  AND 
RECRYSTALLIZED  WZM  SHEET  aT  2400  AND  3000  F <4> 

40S2-L  shoot  rolled  in  air  with  a  relatively  low  finishing 
temperature. 

405<!-H  sheet  roller*  in  air  with  a  relatively  high  finishing 
temperature. 


Analyses  Z5 


W,  0.  10%  Zr.  and  0.  037%  C. 


Bend  Angle,  degrees 
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FIGURE  A-  156.  BEND- DUCTILITY  BEHAVIOR  OF  STRESS-RELIEVED 
AND  RECRYSTALLIZED  WZM  SHEET  (0.051  INCH)'-*) 

Sheet  rolled  in  air  with  a  relatively  low  finishing 
temperature. 

Heat  4052-L.  analyses  25.4%  W,  0.  10%  Zr,  and  0.037%  C. 


Temperature,  F 


FIGURE  A- 1 58.  EFFECT  OE  TEMPERATURE,  THERMAL  TREATMENT, 
AND  SURFACE  CONDITION  ON  THE  BEND  DUCTILITY 
OF  WZM  SHEET  (0.  054  TO  0.  062  INCH)<4) 

Rolled  in  InFab  facility. 

Specimens  chemically  milled  0.  040  inch. 


Heat  4052-1,  analyses  25.4%  W.  0.  10%  Zr,  and  0.037%  C. 
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Metallurgical  Properties 

a. .  Fabncability:-  successful  extrusion  temperatures  for  ingot  range  from 

3200  to  4000  F  with  reduction  ratios  of  up  to  10.1  at  4000  F'®) 

b.  Transition  Temperature:-  <RT  tc  400  F,  depending  upon  form,  fabricationhistory, 

thermal  treatment,  and  surface  condition^- 4) 

c.  Stress-relief  temperature:  1  hour  at  2000  F  for  bar  material^);  1/4  hour  at 

2200  F  for  sheet  (0.  050  inch)  material^) 

d.  Recrystallization  temperature:-  1  hour  at  2600  F  for  bar  material^);  1/4  hour 

at  2750  to  2800  F  for  sheet  (0.  05  inch) 
material^) 


A- 269  and  A-270 
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Mo-30  W 


Identification  of  Mato  rial 

a.  Chemical  composition:  Mo-30 W 

b.  Forms  available:  ingot  and  fabricated  shapes 
Physical  Properties 

a.  Melting  point:  -5150  F^ 

b.  Density:  0.43  lb/in. 

c.  Electrical  resistivity:  specific  resistivity  at  room  temperature  is 

about  0.06  onm/mm^/m;  the  temperature 
coefficient  of  resistivity  is  1.8  x  10"^ /F^ 

Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:  Tables  A-115  and  A-116 
Tensile  yield  strength:  Tables  A-115  and  A-116 
Elongation:  Tables  A-115  and  A-116 
Reduction  in  area:  Table  A-115 
Modulus  of  elasticity:  ~5U  x  10^  psil^) 

b.  Effect  of  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength:  Table  A- 117 
Elongation:  Table  A- 117 
Reduction  in  area:  Table  A-l  17 

c.  Creep  and  Stress-Rupture  Properties 

Table  A-lla 


d.  Other  Selected  Mechanical  Properties 
Hardness:  Tables  A- 119  and  A- 120 


TABLE  A-liS.  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  Mo  BOW 
BAR  (1/2-INCH  SQUARE)^2' 


Condition 

Tensile 
Sucngth, 
1000  psi 

Yield 
S.rcngth, 
1000  psi 

Elongation, 
per  cent 

Reduction  m 
Area,  pet  curt 

St'ess  relieved, 

121.5 

106.9 

26 

40 

2000  F 

Recn—iUized, 

33.8 

69.1 

12 

lu 

2600  F 

(a)  ni:aly>os  28  91*7?  W  and  O.U2Jft  C. 


TABLE  A- 1 16.  TYPICAL  ROOM-TEMPERATURE  TENSILE  DATA  FOR  ARC- 

CAST  STRESS ‘RELIEVED  MO-30W  ROUND  BAP  PRODUCED  BY 


CLIMAX<aX3) 


Diameter, 


Average  Tensile 


Average  Yield 
Strength  (0.2ft 


Average 
Elongation  in 


llPSgrflgfvIBTtwiIRpi 

1  Inch,  per  cent 

1/2 

104 

‘JO 

20 

S/S 

10j 

88 

15 

3/4 

93 

78 

to 

7/8 

109 

94 

11) 

1 

IOC 

94 

7 

I -1/2 

101 

90 

6 

1-3/4 

88 

73 

1 

2 

93 

87 

6 

2-3/4 

9! 

;i 

10 

(a)  Cold  Wat*: 

:r  Production  Fat  lit 

iv.  All  data  from  G-inch* 

■dia  netcr  arc- 

cast  ingots  covering  »  2- year  period.  Material  sUv»s  relic' ed  1/4  to 

1  hour  at  22m.  to  2350  F.  Test  rate  J.Oi-2  inch  per  inch  r»^r  minute 

the  elastic  rrnge,  then  0.05 

rich  per  inch  per  minute  to  fracture. 

TABLE  A  117. 

TENSILE  PROPERTIES  OF  Mo-DOW  BAR  (1/2 

:-lNCH  SQUARE! 

AT  1800 

Tumiv 

Strength, 

Elongation. 

Reduction  in 

Condition 

looo  pjj 

per  cent 

Area,  per  cent 

Stress  relieved, 

,  05. 7 

25 

77 

2000  F 

Rccrystallucd, 

32.4 

83 

90 

26uO  F 


(a)  Analyses  2h  Ulft  W  a..d  u.«S3ft  C. 
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TAJLE  A-llfr.  CREEP  AND  STRESS-RUPTURE  PROPERTIES  OF  Mo-30W  AT 

J&OJ  F<aX2> 


Stress, 

Creep  Rate, 

Rupture  Tune, 

Elongation, 

Reduction  in 

iO&o  psi 

per  cent  /hour 

h  Mils 

per  cent 

Area,  per  cent 

Go 

17 

•..C 

13.9 

84.3 

50 

0.12 

28.1 

17.2 

84.5 

(a)  These  valuer  give  an  estimated  100-hour  rupture  strength  of  47,000  psi. 


Analyses  28  9)^  W  and  u.023fj<>  C. 


1  ABLE  A- 119.  1  YPICAL  R  X5M -TEMPERATURE  HARDNESS 
DATA  FOR  APC -CAST  Mo-30W  ROUND  BAR 
PRODUCED  BY  CL!MAX(a><3) 


Diameter, 

inches 

Average  Hardness, 
DPH 

1  2 

25G 

5/8 

230 

3/4 

243 

7/8 

2C0 

1 

275 

1-1/2 

284 

1-3/4 

253 

2 

257 

2-3/4 

2 -*‘3 

(a)  Cclii  \vatcr  Production  Facility.  All 
data  fre  n:  o-inch-diamctcr  air-cast 
i.,}.uo  a  '--\car  period. 

Material  sirens  relieved  1/4  hour 
to  I  hour  at  _J00  to  2350  I*. 


I  AHI.r  A- 12''  HOT-HARDNESS  OF  AS-CAST  Mo-30W<2) 


Temperature, 

F 

Hot  Hardness, 
DPH 

RT 

198 

2900 

70 

2200 

GO 

2!  »»r# 

50 

2600 

40 

2800 

32 

30-.' » 

27 
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Metallurgical  Properties 

a.  Fabncability:  material  has  been  successfully  extruded  and  forged;  a 

satisfactory  forging  temperature  is  2300  F,  requires 
more  reheatings  and  higher  working  pressures  than 
unalloyed  molybdenum* 2) 

b.  Transition  temperature:-  <RT  for  bar  material^, 3) 

c.  Weldability:-  material  has  been  successfully  joined  h-  .veldingH) 

d.  Stress- relief  temperature:-  1/4  to  1  hour  at  2200  to  2350  F^) 

e.  Recrystallization  temperature.  2600  F(“) 


A-275  and  A-276 
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Mc-FOW 

Identification  of  Material 

a.  Chemical  composition:  Mo-50W 

b.  Forms  available:  ingot  and  fabr-^ved  shapes  on  a  best  efforts  basis 
Physical  Properties 

a.  Melting  point:-  ~5450  F^) 

b.  Density:-  0.  483  lb/in.  3  (calculated) 

Mechanical  Properties 

a.  Tensile  Properties  at  Room  Temperature 

Ultimate  tensile  strength:-  Table  A- 121 
Tensile  yield  strength:-  Table  A- 121 
Elongation:  Tati—  A —  1  —  i 
Reduction  in  area:  Table  A- 121 

b.  Effect  ol  Temperature  on  Tensile  Properties 

Ultimate  tensile  strength-  Table  A- 122 
Elongation:  Table  A- 122 
Reduction  in  area:  Table  A- 122 

c.  Creep  and  Stress-Rupture  Properties 

Tables  A -123  and  A  -  i  24 

d.  Other  Selected  Mechanical  Properties 

a.  Ilend  ductility:  Figures  A-159  and  A- loP 
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TABLE  A- 121,  ROOM-TEMPERATURE  TENSILE  PROPERTIES  OF  Mo-501.  BAR^X'-) 


Condition 

Tensile 

Strength, 

1000  psi 

Yield  Strength 
(0. 1%  Offset), 

1000  ps: 

Elongation, 
pei  cent 

Reduction 

in  Area, 

per  cent 

Stress  relieved,  1  hour  2000  F 

144.0 

133,8 

14 

13.1 

Recryitallizcd.  1  hour  2700  F 

97.7 

- 

0 

0 

(a)  Test  rate  0.0C05  inch  per  inch  per  minute  through  yielding,  then  0.01  inch  per  inch  per  minute  to 
fracture.  Analyses  49. 3% W  and  C.008%C. 


TABLE  A-r2.  TENSILE  PROPERTIES  OF  Mo-oOW  9AR  AT  1800  AND  1S4C0  F(aX2) 


Condition 

Temperature, 

F 

Tensile 

Strength, 

1000  p»i 

Yield  Strength 
*0.1%  Offset), 
lOUv  psi 

Pongation, 
per  cent 

Reduction 
m  Area, 
per  cent 

Stress  relieved,  1  horn  2000  F 

1800 

83.0 

49.7 

26 

83.8 

2400 

50.  J 

20.  • 

37 

73,8 

Recrystal  It  zed,  1  hour  2700  F 

44.6 

17.8 

57 

87.7 

2400 

25.8 

ifi.  2 

76.5 

81.3 

(a)  Test  rate  0.000‘j  inch  per  inch  per  minute  through  yielding,  then  0.01  inch  per  .ncii  per  minute  to  fracture. 
Analyses  49.3% Vv  and  0.008%C. 
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TABLE  A-J23.  CREEP  AND  STRESS-R'JPTURE  PROPERTIES  OF  MO-50W  BAR  AT  1800  AND  2400  F (aX2> 


Condition 

Temperature, 

F 

Stress, 

1000  psi 

Minimum  Creep  Rate, 
per  cent/hour 

Rupture 

Time, 

hours 

Elongation, 
pu  tent 

Reduction 
in  Area, 
per  cent 

Stress  relieved,  1  hour  2000  F 

1800 

69.1 

.. 

0.4 

31 

81.7 

C1.9 

— 

3.7 

28 

ol.S 

2400 

30.0 

0.4 

37 

35.9 

16.0 

0.95 

10.0 

SC 

70.3 

Rccrvstalhzed,  1  hour  2700  F 

1800 

36.0 

5.76 

3.3 

58 

89.8 

•<*: 

!0.1 

50 

12.7 

2400 

19.0 

.. 

2.1 

56 

23.2 

15.0 

— 

10.4 

118 

94.6 

(a)  Analyses  49. 3“?oW  and  O.OOSfoC. 


TABLE  A-124.  1-  AND  SO-HOUR  RUPTURE  STRENGTHS  OF  Mo-SOW  BAR  AT  1800  AND  2400  F<aX2) 


Stress, 

*nnn 

....  r„  .V 

Temperature, 

Produce  Rupture 

Condition 

F 

i  Hour 

10  Hours 

Stress  relieved,  1  hour  2000  F 

58.5 

•-W2M\ 

16,0 

RccryStalhzcd.  I  hour  2700  F 

1800 

38.5 

33,  0 

21.2 

15,1 

(a)  Analyses  49. 3%  W  and  0.008^0, 
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FIGURE 


!6L  EFFECT  OF  TEMPERATURE,  THERMAL  I  REATMENT 
AM!'  SURFACE  CONDITION  ON'  THE  BEND  DUCTILITY 
OF  Mo-50W  SHEET  (0.  059  TO  0.  044  INCH!*3) 

Rolled  in  InFab  facility. 


Specimens  chemically  milled  to  0.  036  inch. 
Heat  4056-!,  analyses  4f-  !%  W  and  0.014%  C 
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4.  Metallurgical  Properties 

a.  Fabricability .  arc- cast  ingots  can  be  extruded  to  sheet  bar  at  3500  to  4000  F 

using  reduction  ratios  of  up  to  8:1;  sheet  bar  can  be  rolled  to 
intermediate  gage  thickness  (1/8  inch)  at  2400  to  2800  F,  final 
sheet  rolling  to  0.  050  inch  can  be  done  at  2400  F(3) 

b.  Transition  temperature!  ~RT  to  625  F,  depending  upon  form,  fabrication  history, 

thermal  treatment  and  surface  condition^,  3) 

c.  Stress- relief  temperature.  1  hour  at  2000  F  for  bar  material^) 

d.  Recrystallization  temperature:  1  hour  at  2700  F  for  bar  material^);  1/4  hour 

at  2800  F  for  sheet  (0.  050-inch)  material(3) 
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